W-MM  9M 


UNCLASSIFIED 


ELECTROHAGNETICS  AND  ELECTROTHERHAL  APPROACH  TO 
EVALUATE  FAILURES  IN  A ICR.  .  (U>  RIT  RESEARCH  CORP 
ROCHESTER  NV  P  S  HEELAKANT ASUAHV  AUG  07  RITRC-014 
N00014-84-K-R532  F/G  20/3 


RIT  RESEARCH  CORPORATION 

Hiqni)f)Af»r  Road 
Ro<;tn;*ilor.  Nt?w  VorK  i  *io«?3  >1  }<h 


DISCLAIMER  NOTICE 


THIS  DOCUMENT  IS  BEST  QUALITY 
PRACTICABLE.  THE  COPY  FURNISHED 
TO  DTIC  CONTAINED  A  SIGNIFICANT 
NUMBER  OF  PAGES  WHICH  DO  NOT 
REPRODUCE  LEGIBLY. 


SECURITY  CLASSIFICATION  OF  THIS  PAGE  (Whtn  Dm*  Enttrtd) 


I  REPORT  DOCUMENTATION  PAGE  be^c 

1.  KEPONT  NUMBER  2.  GOVT  ACCESSION  NO 

RITRC  014 

J  1.. RECIPIENT'S  CATALOG  NUMBER 

Ob 

«.  TITLE  (md  Submit) 

Electromagnetics  &  Electrothermal  Approach  to 
Evaluate  Failure  in  Microelectronic  Devices 
Caused  by  Electrostatic  Discharge  (ESD) 

»•  TYPE  OF  REPORT  •  PERIOD  COVERED 

Final.  Report  (1984-1987) 

t.  performing  org.  report  number 

7.  author^; 

Dr.  P.S.  Neelakantaswamy 
(Principal  Investigator) 

B.  CONTRACT  OR  GRANT  NUMBERfaJ 

N00014-84-K-05 

•  •  PERFORMING  ORGANIZATION  NAME  AND  ADDRESS 

RIT  Research  Corporation 

75  Highpower  Road 

Rochester,  NY  14623-3435 

10.  PROGRAM  ELEMENT.  PROJECT,  TASK 
AREA  S  WORK  UNIT  NUMBERS 

NR  613-005 

<1.  CONTROLLING  OFFICE  NAME  AND  ADDRESS 

Department  of  Navy 

Office  of  Naval  Research 

Arlinpf-nn  VA  27517 

IZ.  REPORT  DATE 

August  1987 

IS.  NUMBER  OF  PAGES 

'«•  MONITORING  AGENCY  namc.  -  ADDRESSflf  dllltrtnl  trout  Cent rolling  Olllcl ) 

IS.  SECURITY  CLASS,  (ol  Ihll  liport) 

Unclassified 

IS*.  DECLASSIFICATION/ DOWNGRADING 
SCHEDULE 

IS-  DISTRIBUTION  STATEMENT  (ol  t hit  Ro port) 

Scientific  Officer  N00014  -  1 

Administrative  Contracting  Officer  53305A  -  1 

Director,  Naval  Research  Lab  N00173  -  6 

Defense  Technical  Information  Center  547031  -  12 

n.  DISTRIBUTION  STATEMENT  (ol  tho  mbmtrmct  entered  In  Block  20,  II  dlftoront  from  Report)  1  1  1  1/  ^ 

DISTRIBUTION  STATEMENT  K  1 
Approved  for  public  releoMl  i 

AELEcTEn 

V\  SEP  1  8  1987  H  ■ 

is.  SUPPLEMENTARY  NOTES 

~  > — - a  ■ 

Or  1/ 

D 

IS.  KEY  WORDS  (Continue  on  rereree  mid •  II  nmcmmimy  mnd  Identity  by  block  number) 

Electrostatic  Discharge  (ESD),  Electrical  Overstressing  (EOS),  Micro¬ 
electronic  Device  Reliability 

20.  ASST  A  ACT  {Continue  on  rereree  mid e  If  nictns^  mnd  Idmntlty  by  block  number) 

SUmmarizes  the  blowing  research  efforts  addressed  in 

1  r  ^teraction  of  electromagnetic  overstresses ,  such  as 

IC^IIaair)0  ,1SCh\rge  (ESD)  with  the  microelectronic'  devices,  resulting 
amage(s)  and  methods  of  preventing  the  related  failures. 

DD  I  jam *7)  1473  COITION  OF  I  NOV  SS  IS  OBSOLETE 
S/><  010J-LF-014-4S01 


Unclassified 


ELECTROMAGNETICS  AND  ELECTROTHERMAL  APPROACH  TO  EVALUATE  FAILURES  IN 
MICROELECTRONIC  DEVICES  CAUSED  BY  ELECTROSTATIC  DISCHARGES: 
STOCHASTICAL  ASPECTS  OF  THE  DEVICE  RELIABILITY 


Reference: 


ONR  Research  Contract  Notification 
N  00014-84-K-0532 
Dated  10  August  1985 
Project  No.  613-005 
Project  Duration:  3  years 
(1984/85  -  1986/87) 


Office  of  Naval  Research 
800  North  Quincy  Street 
Arlington,  Virginia  22217 


# 


FINAL  REPORT 
AUG. /SEPT.  1987 


Principal  Investigator: 

Dr.  Perambur  S.  Neelakantasvamy 


RIT  RESEARCH  CORPORATION 


75  Highpower  Road 
Rochester,  New  York  14623-3435 


Accesion  For  \ 

NTfS  CRA&l  fcf 

DTIC  TAB  □ 

Unannounced  □ 

Justification 

By  Jt 

Distritn 

*Xa  , 

jtion/  L/ 

Av.vlability  Cod<-s 

Dist 

M 

Av,  lit  ;'.'u1/or 

Special 

1 

-  -A 

Distributed  as  per  contract  Requirements 


3 


I 


3 


2  061 


-VI 


87 


FINAL  REPORT 


A.  Introduction 


As  the  conclusion  of  the  contract  efforts,  this  Final  Report  summarizes  the 
objectives  of  the  studies  undertaken,  results  and  conclusions  of  the 
research  tasks  envisaged  and  the  scope  for  future  investigations  to  be 
followed. 

The  objectives  of  this  fundamental  research  address  the  following  three 
major  efforts: 

1.  Studies  on  the  interaction  of  electromagnetics  due  to  electrical 
overstressing/electrostatic  discharge  with  the  microelectronic  devices. 

2.  Evaluation  of  the  resulting  susceptibility  of  devices  to  damages  in 
terms  of  cause-effect  relations  predicting  the  IC  reliability  vis-a-vis 
EOS/ESD. 


3.  Development  of  new  failure  preventive  methods/on  chip-protection 
circuits. 

The  background  details  which  motivated  the  research  impetus  are  as 
summarized  below: 
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The  damages  caused  by  electrostatic  discharges  (ESD)  seriously  challenge  the 
reliability  of  microelectronic  devices  since  they  may  result  in  degraded 
device  performances,  system  software  errors  or  catastrophic  failures. 
Different  technologies  present  different  susceptibility  levels  to  ESD  but 
none  is  completely  immune  to  their  adverse  effects. 

As  ESD-induced  damages  have  been  observed  even  on  the  early  small-scale  ICs, 
efforts  have  been  undertaken  to  improve  the  reliability  of  IC  regarding  ESD. 
Although  progress  was  made  in  the  development  of  electrostatic  discharge 
models  and  in  the  design  of  protective  circuits  for  a  few  special  devices, 
the  threat  of  ESD  considerably  increased  with  the  introduction  of  VLSI/ULSI 
implementation.  The  seriousness  of  the  ESD  challenge  could  be  better 
understood  by  considering  the  following  facts: 

1.  The  device  scaling-down  to  micron  or  sub-micron  level  have  made 
microelectronics  vulnerable  to  energies  as  low  as  microjoules. 

2.  The  thin  gate-oxides  which  have  a  thickness  of  the  order  of  hundred  of 
angstroms  can  irreversibly  be  damaged  by  voltages  as  low  as  tens  of 
volts. 

3.  During  ESD,  there  is  a  localized  power  dissipation  which  is  relatively 
high  enough  to  short  circuit  the  shallow  junctions  of  contemporary 
devices  by  forming  metal  spikes  and  excessive  alloy. 


4.  Often  conductive  runners  of  relatively  small  cross-sections  are 

destroyed  by  the  transient  large  current  densities  produced  by  ESD,  and 
so  on. 

f 

In  addition  to  the  problems  directly  associated  with  the  scaling-down  in 
device  dimensions,  there  are  thermal  problems.  In  technologies,  such  as 
silicon  on  sapphire  (SOS)  and  silicon  on  insulator  (SOI),  the  ESD  problem  is 
further  enhanced  due  to  poor  thermal  conductivities  of  sapphire  and  silicon 
dioxide.  Further  microelectronic  devices  are  not  free  from  the 

susceptibility  to  damages  by  ESD  even  after  being  installed  on  a  PCB  or  a 
subsystem.  Likewise,  specific  studies  indicate  the  existence  of  failures 
due  to  electromagnetic  interference  (EMI)  caused  by  ESD  occurring  in 
proximity  to  a  device.  Overstressings  due  to  electromagnetic  pulsing  (EMP) 
causing  deleterious  effects  on  microchips  have  also  been  indentified. 

Research  envisaged  in  the  Project  concerned  with  the  development  of  methods 
to  model  the  static-induced  failure-modes  by  considering  the 
electromagnetics  associated  with  the  critical  current-voltage  relations 
prevalent  in  the  test  microelectronic  circuit  at  the  instant  (or  during)  a 
failure.  The  failure-mode  models  so  developed  would  enable  identification 
(and/or  isolation)  of  the  failure-prone  rogue  components  (or  parts)  and 
determine  the  rate  and  the  extent  of  damages  incurred  so  that  relevant 
design  improvements  or  counter-measures  can  be  decided  to  achieve  improved 
intrinsic  reliability  of  the  device  concerned. 

Specifically,  the  research  addressed  a  detailed  study  of  the  menace  of 
Electrostatic  Discharges  (ESD),  inducing  damages  in  microcircuits  which  are 


capable  of  destroying  totally  or  degrade  the  performance  of  bipolar  and 
unipolar  devices.  Such  damages  pose  a  major  problem  as  it  is  very  hard  to 
identify  the  sources  and  paths  of  the  electrostatic  discharges  which  are 
subtle  and  difficult  to  be  traced.  Further,  ESD  failures  can  occur  at  all 
stages  of  handling — from  the  manufacturing-point  to  the  customer-end.  Hence 
the  failure  characteristics  do  not  concur  with  the  conventional  "bath-tub" 
description  of  component  failures.  However,  in  general,  ESD  damages  involve 
those  parts  associated  with  handling  and  packaging  practices  and  therefore 
certain  studies  exclusive  to  these  vulnerable  parts  were  undertaken. 

Inasmuch  as  ESD  failures  result  from  electric  transients  phenomena,  relevant 
analysis/studies  are  built-up  on  time-dependent  electromagnetic 
considerations;  the  random  nature  of  electric  discharge  of  failure-inducing 
paths  are  studied  via  stochastical  aspects.  Apart  from  computer-based 
simulation  studies/analytical  failure  models,  relevant  high-voltage  pulse¬ 
testing  were  also  carried  out  on  devices  to  trace  the  hazardous  paths 
involved  in  the  transient  electrical  conduction  within  the  device 
infrastructure. 

On  the  basis  of  the  overall  results  of  the  studies,  suggestions  for  proper 
isolation,  grounding,  encapsulation,  handling  and  packaging  of 
microelectronic  devices  under  various  environmental  conditions  are 
stipulated  so  as  to  ensure  higher  reliability  of  microelectronic  products. 


B.  Specific  Research  Tasks: 


IflUriHTilMMUJUIW 
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I.  Theoretical  Work. 

a.  EOS/ESD:  Electromagnetic  Phenomena: 

The  transient  influence  of  any  electrical  overstressing  (such  as 
electrostatic  discharge,  ESD)  on  microelectronic  devices  are 
regarded  as  the  time-dependent  electromagnetic  phenomena  which 
transfer  energy  from  static  potential  (or  from  any  electrical 
overstressing  source)  to  the  device. 

Such  transfer  of  energy  has  been  observed  to  manifest  in  two 
possible  modes,  namely:  1)  direct  or  invasive  influence  in 


which  the  > 

device  in 

question  comes 

in  contact  with 

the 

overstressing 

source; 

and  2)  indirect 

or  noninvasive 

mode 

wherein  the 

phenomena. 

coupling 

is  caused  via 

electromagnetic 

wave 

In  either  case,  considering  the  high  magnitude  of  overstressing 
voltage  which  is  discharged  through  a  device  within  nanosecond 
time-regimes,  the  proneness  of  the  device  to  failure  would  be 
very  high.  Hence,  in  the  present  research,  the  following 
theoretical  efforts  were  considered: 
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1.  Development  of  theoretical  models  depicting  the  realistic 
electromagnetic  transfer  of  energy  in  the  overstressing 


transients . 

2.  Quantification  of  the  resulting  formation  of  electrothermal 
stresses  and  other  degradation  mechanisms  in  the 
microelectronic  devices. 

By  these  models,  the  severity  levels  of  ESD/EOS  zaps  and  the 
corresponding  lethality  endurance  sustained  by  the  semiconductor 
devices  were  evaluated.  The  corresponding  results  would  lead  to 
locating  and  identifying  the  maximum  ESD-prone  regions  in 
practical  IC  devices  which  would  eventually  help  in 
understanding  the  fundamentals  of  device  survivability  under 
electrical  overstressings. 

Discrete  devices,  high  density  microelectronic  devices  and  other 
special  semiconductor  devices  such  as  IMPATT  diodes,  which  are 
likely  to  be  overstressed,  not  only  due  to  ESD,  but  also  due  to 
EMP  (NEMP,  for  example)  phenomena  in  military  applications, 
have  also  been  investigated. 

Specific  attention  was  paid  to  consider  the  areas  in  which 
fundamental  researching  had  been  lacking.  For  example,  latent 
failures  due  to  (EMP/ EH I- based)  noninvasive  influence  of  ESD, 
transient  (overstress-induced)  electromagnetic  interaction  vith 
PCB-mounted  and/or  hybrids,  electromagnetic  (transient) 
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interaction 


with  submicron  devices, 


thermoelastic  stressings 


in 


the  device  due  to  transient  EHP/EOS  effects,  etc.,  would  require 
considerable  research-input  and  hence  were  considered  in  detail. 

b.  Device-modeling  under  electromagnetic  overstressing: 

Both  bipolar  and  unipolar  devices  with  shrinking  geometries 
were  modeled  via  rigorous  analytical/  numerical  methods,  to 
understand  their  response  under  electromagnetic 
overstressings . 

Device  protection  circuits  were  considered  in  terms  of  their 
viability  to  withstand  the  electromagnetic  overstressings . 
Relevant  changes  have  been  suggested. 

II .  Experimental  Work 

To  verify  the  various  cause-effect  relations  pertaining  to 
electromagnetic  stressings,  some  basic  tests  to  simulate  the 
overstressings  and  to  quantify  their  effects  on  the  devices  (such  as 
MOS  capacitors,  etc.)  were  conducted.  The  overall  strategy  of  the 
research  envisaged  is  summarized  in  the  accompanying  flow-chart. 

C .  Details  on  the  Accomplishments : 


Apropos  of  the  specific  objectives  of  the  project,  the  following  are  the 
details  of  the  tasks  accomplished. 
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c.  Direct/Indirect  coupling  of  EMP  with  PCB-mounted  and/or 


hybrid  devices. 

d.  EMP  interaction  on  devices  housed  inside  the  equipment: 
EOS  treated  as  a  lethal  EMI. 

II.  Failure/Susceptibility  Analyses 

a.  Concept  definitions  and  quantifications  of  cause-effect 

relations  relevant  to  ESD-to-device  interaction  were 
developed.  They  are  termed  as  the  Severity  Factor  and 

Lethality  Endurance  Coefficient.  These  quantities  are 
analytically  linked  to  the  Life-Time  of  the  device. 

b.  Latent  failures  in  the  devices  resulting  from  ESD 
were  considered  as  thermoelastic  stress- induced 
overstresses.  Relevant  thermodynamical  and  thermoelastic 
analyses  have  been  completed. 

c.  Considering  filamentary  type  of  "hot-spot"  resulting  from 

electrical  transients  (such  as  ESD),  the  conventional 

Wunsch-Bell  model  was  modified  by  a  more  comprehensive 
computer-aided  algorithm.  The  method  was  applied  to  study 
IMPATT  diode  reliability. 

d.  Thermoelastic-based  s t ress- relief  in  microelectronic  devices 
was  analyzed  via  crack-propagation  principles. 
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e. 


Susceptibility  aspects  of  PCB-mounted  devices  were  analyzed. 


$ 

III. 


f.  Susceptibility  aspects  of  protective-circuits  were 
evaluated . 

g.  An  EMI  model  has  been  developed  to  assess  the  non-invasive 
influence  of  the  ESD  on  an  equipment-mounted  device. 

h.  Assessment  of  MOS  device  degradation  via  noise 
characteristics  was  investigated. 

i.  One-to-one  correlation  between  electrical  overstressing  and 
ionizing  radiation  effects  in  MOSFETs  was  elucidated. 

j.  Susceptibility  studies  on  Stripline-Opposed-Emi t ter  (SOE) 
package  Bipolar  Devices  have  been  performed. 

Protection  Circuits  and  Preventive  Studies 

a.  A  comparative  study  on  the  relative  protection  capabilities 
of  all  the  existing  protection  circuits  was  carried  out. 
The  survey  indicated  that  the  existing  protection  circuits 
themselves  are  prone  to  damages  due  to  ESD  and  hence  need 
improvement . 


To  achieve  this,  a  "junctionless"  protective  device  has  been 
developed  on  the  basis  of  a  geometry  using  Static  Induction 
Transistor  principle. 


b.  Regarding  static  conductive  materials,  relevant  design 
formulations  have  been  developed  on  the  basis  of 

stochastical  mixture  theory.  Such  composites  are  useful  as 
bonding  agents  in  ICs  with  optimal  electrothermal 
characteristics . 

IV.  MOS  Gate-Oxide  Degradation 

Considering  the  possibilities  of  charges  being  pumped  into  the 

gate-dielectric  as  a  result  of  external  electromagnetic 

influence,  studies  to  quantify  the  extent  of  severity  and  the 

amount  of  charge  pumped  in  and  getting  trapped  in  the  gate  oxide 

was  performed.  The  effects  of  trapped  charges  were  being 

studied  in  terms  of  degraded  dielectric  behavior  of  the  oxide 

manifesting  as  1)  reduced  break-down  strength;  2)  non-linear 

transfer  function  (g  )  relations;  and  3)  as  increased  noise 

"hi 

effects . 

The  state  of  charge  and  field  distribution  in  a  MOS  structure 
which  may  arise  due  to  external  electromagnetic  coupling  was 
also  studied  exclusively  via  appropriate  modeling  of  potential 
distribution  in  the  device  (static  and  transient)  in  terms  of 
two-dimensional  Poisson's  equation.  Effects  of  doping  level(s) 
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and  channel  length  have  been  considered.  A  formal  solution  of 
two-dimensional  Poisson's  equation  by  Method  of  Moments  was 
obtained. 


Dielectric  degradation  was  analyzed  in  terms  of  low  frequency 


noise  performance  of  the  device.  Cumulative  increase  in  the 


noise  resistance  of  the  device  was  quantified  in  terms  of  charge 


injection  and  trapping  resulting  from  repetitive  electromagnetic 


influence. 


Studies  pertaining  to  the  analogous  influence  of  ionizing 


radiations  and  electrical  overstressings  on  MOS  devices  were 


carried  out.  The  resulting  damage  characteristics  were  modeled 


via  noise  parameters. 


It  is  also  investigated  to  ascertain  the  extent  to  which  a 


radiation-hardened  device  would  be  tolerant/less-susceptible  to 


electrical  overstresses. 


D.  Research  papers  and/or  reports  published  or  under  publication,  presented 


in  symposia  or  under  preparation  are  as  follows; 


I .  Susceptibility  Analysis: 


1.  P.S.  Neelakantaswamy ,  T.K.  Sarkar,  and  R.I.  Turkman:  Residual 


Fatigues  in  Microelectronic  Devices  Due  to  Thermoelastic  Strains 


Caused  by  Repetitive  Electrical  Overstress:  A  Model  for  Latent 


w 


Failures . 


Presented  in  7th  Annual  EOS/ESD  Symp. ,  September  1985, 


Minneapolis,  Minnesota. 

2.  P.S.  Neelakantaswamy ,  R.I.  Turkman,  and  T.K.  Sarkar:  Filamentary 

Hot-Spots  in  Microwave  IMPATT  Diodes:  Modified  Vunsch-Bell  Model. 
Presented  in  7th  Annual  EOS/ESD  Symp.,  September  1985,  Minneapolis, 
Minnesota. 

3.  P.S.  Neelakantaswamy,  T.K.  Sarkar,  and  R.I.  Turkman:  On  the  Threat 

to  Dielectric-Based  Devices  and  Components  from  Repetitive 

Nonsinusoidal  Electrical  Overstresses.  Presented  in  17th  Electrical 
&  Electrical  Insulation  Conference,  September/October  1985,  Boston, 
Massachusetts. 

4.  P.S.  Neelakantaswamy,  R.I.  Turkman,  and  T.K.  Sarkar:  Failures  in 

Microelectronic  Devices  Due  to  Thermoelastic  Strains  Caused  by 
Electrical  Overstressings.  Presented  in  6th  Biennial  Conference  on 
Failure  Prevention  and  Reliability,  September  1985,  Cincinnati, 
Ohio . 

5.  P.S.  Neelakantaswamy,  T.K.  Sarkar,  and  R.I.  Turkman:  Susceptibility 

of  PCB-Mounted  Microelectronic  Devices  to  Failures  Caused  by 

Electrostatic  Discharges.  Electronic  Packaging  &  Production,  132- 
134,  February  1987. 

6.  P.S.  Neelakantaswamy,  R.I.  Turkman,  and  T.K.  Sarkar:  Susceptibility 


of  On-Chip  Protection  Circuits  to  Latent  Failures  Caused  by 


Electrostatic  Discharges. 
677-679,  1986. 


Solid  State  Electronics,  Vol.  29  (6), 


7.  P.S.  Neelakantaswamy :  Impulsive  EMI  Radiated  by  Electrostatic 

Discharges  (ESD).  Interference  Technology  Engineer's  Master,  1987 
(under  Print). 

II .  ESD  Preventive  Methods: 

1.  P.S.  Neelakantaswamy  and  R.I.  Turkman:  Electrostatic  Propensity  of 
Filler-Added  Plastics  Used  in  Microelectronics.  Presented  in  RIT 
Polymer  Symposium,  May  9,  1986,  Rochester,  NY. 

2.  P.S.  Neelakantaswamy,  R.I.  Turkman,  and  T.K.  Sarkar:  Complex 

Permittivity  of  a  Dielectric-Mixture  Corrected  Version  of 
Lichtenecker ' s  Logarithmic  Law  of  Mixing.  Electronics  Letters, 
Vol.  21(7),  March  1985,  pp.  270-271. 


Mos  Gate-Oxide  Degradation: 

P.S.  Neelakantaswamy  and  R.I.  Turkman:  Gate-Insulation  Degradation 
in  MOS-Devices  due  to  Electrical  Overstressings:  Characterization 
via  Noise  Performance  Studies.  Presented  in  1986  IEEE  International 
Symp.  on  Electrical  Insulation,  Washington,  D.C.,  June  8-11,  1986. 


2.  P.S.  Neelakantaswamy  and  R.I.  Turkman:  MOS  Scaling  Effects  on  ESD- 
Based  Failures.  Presented  in  Custom  Integrated  Circuit  Conference, 
May  12-15,  1986,  Rochester,  NY. 


3.  P.S.  Neelakantaswamy  and  R.I.  Turkman:  Analogous  Influence  of 

Ionizing  Radiations  and  Electrical  Overstressings:  Damage 

Characterization  via  Noise  Parameters.  Natural  Space  Radiation  and 
VLSI  Technology  Conference,  Houston,  Texas,  January  20-21,  1987. 

4.  P.S.  Neelakantaswamy  and  R.I. Turkman:  Noise  Characteristics  of 

Ionizing-Radiation  Stressed  MOSFET  Devices.  Solid  State 
Electronics  (under  print). 


D.  MOS  Device  Modeling: 


1.  E.  Arvas,  R.I.  Turkman  and  P.S.  Neelakantaswamy:  MOSFET  Analysis 
Through  Numerical  Solution  of  Poisson's  Equation  by  Method  of 
Moments.  Solid  State  Electronics  (Under  Print). 


E.  Scope  for  Future  Studies/Extended  Efforts 


The  results  of  the  investigations  are  documented  in  Technical  Reports  listed 
in  the  Appendix  I. 


The  concepts  of  the  basic  research  undertaken  here  have  been  published  (are 
being  published)  in  refereed  journals  and/oi  presented  in  international 
symposia.  On  the  basis  of  feedback  received  from  the  scientific  and 
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industrial  community,  the  potential  to  extend  the  present  studies  is 
excellent . 


The  scope  of  the  extended  tasks  beyond  the  present  contract  period  and  the 
good  reasons  and  the  need  for  such  efforts  are  described  in  the  enclosed 
Proposal  for  Continuation  of  Efforts  on  the  Project  #613-005/N00014-84-K- 
0532  (1984-1987),  entitled  "Electromagnetic  Radiation  Effects  on 
Microelectronic  Ensembles:  Concept  Definition  and  Analysis  of 
Electromagnetic  Overstressings,"  submitted  to  ONR  on  4-28-87. 

A  set  of  Technical  Reports  as  listed  in  Appendix  I  is  also  enclosed. 
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ABSTRACT 


An  algorithm  for  the  computation  of  solution  to  Poisson's 
equation  in  a  two-dimensional  domain  is  developed  in  terms  of 
equivalent  sources  on  the  boundary.  The  region  considered 
can  be  of  arbitrary  shape,  and  the  boundary  conditions  can  be 
Dirichlet,  Neumann  or  mixed  type.  The  solution  is  obtained 
by  method  of  moments.  Pulse  expansion  and  point  matching 
techniques  are  used.  Computed  .results  closely  agree  with  the 
available  data  concerning  MOS  devices. 


I. 


INTRODUCTION 


Poisson's  equation  is  one  of  the  most  important 
differential  equations  of  physics.  For  example,  it  can  be 
used  to  find  the  threshold  voltages  of  MOSFET's.  When  the 
channel  length  is  small,  the  depletion-layer  widths  of  the 
source  and  drain  junctions  are  comparable  to  the  channel 
length,  and  the  potential  distribution  is  two  dimensional 
amenable  for  solution  via  Poisson's  equation. 

In  this  work  we  give  a  simple  method  for  solving  two- 
dimensional  Poisson's  equation  in  a  region  subject  to  general 
boundary  conditions  on  the  bounding  surface.  Equivalent 
surface  charges  are  placed  just  outside  the  boundary  and  the 
total  potential  (produced  by  the  impressed  volume  charges  and 
the  equivalent  surface  charges)  is  enforced  to  satisfy  the 
boundary  conditions.  This  transforms  the  boundary  value 
problem  into  an  integral  equation  for  the  equivalent  surface 
charges.  Then  the  method  of  moments  [1]  is  used  to 
solve  the  integral  equation  numerically. 
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STATEMENT  OF  PROBLEM 


Consider  a  2-dimensional  region  R  bounded  by  the  contour 
C  as  shown  in  Figure  1.  The  problem  is  to  find  the  total 
potential  ip  (x,y)  in  R  which  satisfies  the  Poisson's  equation 


9 

9x  2 


9  z\p 


9y 


=  -p  /e 
v 


(1) 


in  R,  with  the  boundary  condition(s) 


“+  +  6  I? 


(2) 


on  C. 


In  eqn.  (1),  Pv  denote  the  volume  charge  density,  and  e 
is  the  permittivity  of  the  material  in  R. 


on  C. 


In  eqn.  (2),  a  ,0  and  y  denotes  known  functions  defined 


Note  that  the  general  condition  of  eqn.  (2)  includes,  as 
special  cases,  of  Dirichlet  (a  *1,  0  =o)  and  Neumann  (  a-o,  0 
■1)  conditions. 


The  Laplace's  equation  is  the  special  case  of  eqn.  (1) 
with  p  «  o  The  solution  of  Laplace's  equation  is  given  in 
detail  ii^  f 2 ] .  The  present  work  is  an  extension  of  the  work 
in  [2],  modified  for  Poisson's  equation  applied  to  MOS 
structures . 


III.  METHOD  OF  SOLUTION 


In  solving  eqn.  (1)  subject  to  boundary  condition  of 
eqn.  (2)  we  let 


=  <t>  +  <f>, 

P  n 


o: 


where 


-P. 


(4) 


and 


5) 


v  “  4h  =  0  (in  R) 


-3- 


The  solution  to  eqn.  (4)  is 

*  2lte  R  ln  ~ ^  ri  dx'dy' 


where  £  and  £'  denote  the  radius  vector  to  the  field  and  a 
source  point  respectively,  p  (£' )  is  the  value  of  the 
impressed  charged  density  at  r's  and  k  is  an  arbitrary 
constant  (taken  as  100.0  in  tKis  work). 

The  Laplacian  potential  .0^  can  be  assumed  to  be  produced 
by  some  equivalent  surface  charges,  a  ,  outside  R  (Fig.  2).. 
Hence  0'^  is  the  solution  of  eqn.  (5)  subject  to  boundary 
condition 


o<j»h  +  e  3^- 


-  Y-a+p  -  B 


on  C 


Since  0^  has  the  form 

<t>  =  — L_  IS  a  ln  k 

2 ire  c  0  1  r  -  r' 


dx'dy' 


we  see  that  eqn.  (7)  is  an  integral  equation  for  a  • 

Note  that  (5)  subject  to  the  boundary  condition  of  eqn. 

(  7)  is  the  same  boundary  value  problem  as  the  one  considered 
in  [2].  We  use  pulse  expansion  and  point-matching  techniques 
to  solve  this  problem. 

+ 

The  approach  involved  is  to  first  model  the  surface  C 
by  N  planar  strips  and  the  assume  a  constant  charge  density 
on  each  segment.  Satisfying  the  boundary  condition  of  eqn. 

(7  )  at  the  center  of  each  of  N  strips,  gives  N  algebraic 
equations.  The  solution  of  these  equations  gives  the  value 
of  the  constant  charge  density  on  each  strip.  The  details 
are  elaborated  in  [2J.  Once  eqn.  (7)  is  solved  for  c  ,  we 
obtain  the  total  potential  ip  using  eqns.  (8),  (6)  and  (3). 


IV.  SAMPLE  RESULTS 


A  FORTRAN  program  is  written  to  implement  the  theory 
developed  above. 


nmuumwwtfuw? 


3  / 


The  first  test  problem  that  we  tried  is  shown  in  Fig. 

-12 

where  a  line  charge  of  p  -  8.854x10  C/m  is  placed  at 

1 


the  center  of  a  grounded  rectangular  boundary.  The  total 
potential  was  evaluated  at  the  points  A,  B,  C  and  D  as  shown. 


Table  1  illustrates  the  convergence  of  the  computed 
results  as  the  number  N  of  segments  is  increased.  The  exact 
result  [3,  eqn.  4-7.23]  is  also  shown  for  comparison.  The 
last  column  of  the  table  shows  the  CPU  time  on  a  VAX  11/782. 


A  second  test  problem  formulated  to  study  a  short 
channel  MOSFET  is  described  hereunder. 


VI .  APPLICATION  TO  MOS  STRUCTURES 

To  demonstrate  the  applicability  of  the  proposed 
numerical  method  to  MOS  structures,  a  test  N-channel  MOSFET 
illustrated  in  Fig.  4  is  considered.  The  rectangular 
depletion  region  under  the  gate  and  its  expanded  view  with 
the  relevant  boundary  conditions  are  depicted  in  Fig.  5. 

The  notations  followed  are  those  detailed  in  [4],  Figs. 
6  and  7  illustrate  the  surface  potential'!'  (x,  y  ■  d) 
variation  along  the  channel  for  2  typical  devices  with 
channel  lengths  L  -  Ip  m  and  5  y  ra  respectively. 

The  corresponding  threshold  voltage  (V  -V  ) versus 

T  FB 

channel  length  for  drain  voltage  (V  )  of  0  and  5V  is 
presented  in  Fig.  8.  D 

For  comparison,  along  with  the  computed  data,  the 
results  obtained  by  (approximate)  closed-form  solution  due  to 
Poole  and  Kwong  [4]  are  also  shown  in  Figs.  6,  7  and  8. 

Referring  to  these  figures  (Figs.  6,  7  and  8),  close 
agreement  between  the  results  may  be  observed.  Any  deviation 
can  be  attributed  to  the  approximations  involved  in  the 
truncation  of  the  series  solution  given  in  [4]  and  due  to  the 
variations  in  the  values  of  d  and  V  considered  in  the 
analysis.  gra 

However,  the  present  work  indicates  the  applicability  of 
the  method  of  solution  envisaged  to  the  MOS  structures.  This 
method  can  be  extended  to  a  more  realistic  model  of  the  MOS 
structure  involving  curved  depletion  boundaries  and  the 
depletion  width  (d)  varying  along  the  channel  length. 
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Further,  this  steady  state  solution  can 
scudy  transient  causes  pertaining  to  ESD/EOS 


be  extended  to 
induced  effects. 
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Table  I 


Potential  computed  for  the  problem  of  Fig.  3 


N 

A 

(0.25,0.75) 

B 

(0.25,0.50) 

C 

(0.1,0.25) 

D 

(0.45,0.95) 

CPU  Time 
( Sec . ) 

4 

0.05924 

0.1133 

0.01411 

0.3145 

3.28 

8 

0.07271 

0.1268 

0.02757 

0.3280 

3.55 

12 

0.07113 

0.1226 

0.02875 

0.3244 

4.03 

16 

0.07050 

0.1221 

0.02747 

0.3238 

4.54 

20 

0.07032 

0.1219 

0.02721 

0.0236 

5.15 

24 

0.07024 

0.1218 

0.02719 

0.3235 

5.92 

32 

0.07018 

0.1217 

0.02714 

0.3234 

7.86 

40 

0.07016 

0.1217 

0.02712 

0.3234 

10.69 

60 

0.07014 

0.1216 

0.02711 

0.3234 

21.43 

80 

Exact 

0.07014 

0.1216 

0.02711 

0.3234 

37.59 
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APPENDIX  A:  COMPUTER  PROGRAM 


The  FORTRAN  computer  program  is  composed  of  a  main  and  9 
subprograms.  The  subprograms  are: 

INFOR 

SOLTN 

VMATRX 

ZMATRX 

FIELD 

ELSV 

POTEN 

INTG 

GRAD 

The  last  three  programs  compute  the  potential  and  its 
gradient  at  a  point  (x,y)  due  to  the  impressed  charge 
distribution.  Hence,  as  the  source  is  charged,  these 
programs  must  be  changed  accordingly. 

The  Main  Program: 

The  main  program  reads  in: 

a)  the  number  ( NTOTAL )  of  the  straight  line  segments 
approximately  the  boundary  C  of  the  region  R. 

b)  the  dielectric  constant  (SPSR)  of  the  medium  R. 

c)  the  parameter  LAPOIS.  If  LAPOIS  is  equal  to  zero,  the 
problem  is  to  solve  the  Laplace's  equation.  (In  this 
case  the  last  three  subroutines  are  not  needed) .  If 
LAPOIS  is  equal  to  1,  we  are  solving  Poisson's  equation 
and  hence  the  potential  and  its  gradient  produced  by  the 
impressed  sources  must  be  provided  by  the  last  three 
subroutines . 

For  each  of  NTOTAL  linear  segments,  the  main  program 
calls  the  subprogram  INFOR.  Then  it  calls  the  subroutine 
SOLTN. 

The  INFOR  subprogram; 

The  subroutine  INFOR  reads  in 

a)  The  coordinates  (XI,  Y1 )  and  X2,  Y2 )  of  the  starting  and 
ending  points  of  each  linear  segment  approximating  the 
boundary  C.  (XI,  Yl,  X2 ,  Y2  are  in  micrometers). 


b)  The  number  NSEC,  of  subsections  that  each  linear  segment 
is  to  be  divided  into. 


.*6 


c)  For  each  linear  segment  cx  ,  B  and  o  are  read  in.  These 
are  sent  back  to  the  main  program,  where  they  are  stored 
in  the  matrix  BCOND. 

In  the  subroutine  INFOR,  the  coordinates  of  the  starting 
and  ending  points  of  each  subsection  is  computed.  This 
information  is  stored  in  arrays  XVI,  YV1,  XV2  and 

The  subroutine  SOLTN : 


In  this  subroutine  the  moment  matrix  equation  is  formed 
and  solved.  This  subroutine  calls  various  subroutines. 

i )  The  subroutine  VMATRX : 

In  this  subroutine  the  right  hand  side  of  eqn.  (7)  is 
computed  at  the  center  of  each  subsection.  The  result  is 
stored  in  the  array  V. 

ii)  The  subroutine  ZMATRX: 

In  this  subroutine  the  moment  matrix  Z  is  computed.  The 
(i,j  )  th  element  of  this  matrix  is  the  right  hand  side  of 
eqn.  (7),  computed  at  the  center  of  j  th  subsection.  (0  here 
is  the  potential  produced  by  a  constant  charge  density  of 
2 

l(C/m  )  on  the  jth  subsection). 

iii )  The  subroutine  ELSV: 

This  subroutine  takes  the  inverse  of  the  moment  matrix  Z 
and  stores  the  inverse  matrix  into  the  Z  matrix. 

Once  Z  matrix  is  inverted,  the  surface  density  is 
computed  in  SOLTN  subroutine  by  multiplying  the  inverse  of 
the  Z  matrix  by  the  column  vector  V.  The  charge  density  is 
stored  in  the  array  I. 

iv)  The  subroutine  FIELD: 

This  subroutine  computes  the  total  potential  at  K  points 
equally  spaced  between  the  points.  (XIN,  YIN)  and  XFIN,  YFIN ) 

The  last  three  subroutines  compute  the  potential  and  its 
gradient  at  a  given  point  due  to  a  constant  volume 

3 

charge  density  RHO  (C/m  )  in  a  rectangular  cylinder  of 
infinite  length. 
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INPUT/OUTPUT  OF  THE  PROGRAM 


The  input  to  the  program  is  through  the  data  file  92. 

The  first  line  of  the  input  file  is 

NTOTAL ,  EPSE,  LAPOIS 

Then  we  have  NTOTAL  pairs  of  lines  which  have  the  form 
XI,  Yl,  X2 ,  Y2,  NSEC 

ALPHA,  BETA,  GAMA. 

Where  (XI,  Yl)  and  (X2,  Y2)  denote  the  coordinates  of  the 
starting  and  ending  point  of  a  linear  segment,  and  NSEC  is 
the  number  of  subsection,  that  the  segment  will  be  subdivided 
into  ALPHA,  BETA  AND  GAMA  show  the  values  of  a  ,  & 
and  o  on  the  segment. 

The  last  line  in  the  input  file  has  the  form 
XIN,  YIN,  XFIN,  YFIN,  K  where  (X  IN,  YIN)  and  (XFIN,  YFIN ) 
are  the  coordinates  of  two  points,  and  K  is  an  integer.  The 
program  will  compute  the  total  potential  at  K  equidistant 
points  lying  between  the  points  (XIN,  YIN)  and  (XFIN,  YFIN) . 

The  output  of  the  program  is  printed  in  data  file  18. 
Here  the  potential  at  K  points  is  printed.  X  and  Y  are  the 
coordinates  of  the  point  at  which  the  potential  is  computed. 


^CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

C  THIS  PROGRAM  COMPUTES  THE  EOU IVALEMT  ELECTRIC  C 

C  CHARCE  DENSITY  ON  THE  SURFACE  OF  A  LOSSLESS  DIELECTRIC  C 

C  CYLINDER.  THIS  IS  A  TUO- DIMENSIONAL  PROBLEM.  THE  TOTAL  C 

C  POTENTIAL  INSIDE  THE  DIELECTRIC  IS  DUE  TO  SOME  SPECIFIED  C 
CHARGES  INSIDE  AND  DUE  TO  SOME  IMPRESSED  POTENTIALS  C 

C  ALONC  THE  SURFACE.  C 

C  C 

C  AT  ANY  POINT  ON  THE  BOUNDARY  OF  THE  CYLINDER  V!F.  HAVE  C 

C  C 

C  ALPA(C)*POT(CHARC£)+BETA(C)*(D/DN)(POT(CHARCE) )  =  -ALPHA(C)  C 

C  *POT ( SOURCE ) -BETA( C) * ( D/DN ) POT ( SOURCE ) +GAMA( C )  C 

C  C 

C  WHERE;  C 

C  C  SHOWS  THE  VARIABLE  ALONC  THE  BOUNDARY  OF  THE  CYLINDER,  C 
C  ALPHA ( C) ,  BETA(C)  AND  CAMA(C)  ARE  THREE  FUNCTIONS  THAT  ARE  C 
C  SPECIFIED  AT  ANY  POINT  C,  C 

C  POT( CHARGE) =POTENTIAL  PRODUCED  AT  THE  POINT  C,  BY  THE  C 

C  UNKOWN  EQUIVALENT  SURFACE  CHARGE  RESIDING  ON  THE  BOUNDARY  C 
C  OF  THE  CYLINDER,  C 

C  (D/DN)  IS  AN  OPERATOR  WHICH  GIVES  THE  NORMAL  DERIVATIVE  C 

C  OF  THE  FUNCTION  THAT  IT  OPERATES  ON  ,  AND  C 

C  POT( SOURCE)  IS  THE  POTENTIAL  PRODUCED  BY  THE  IMPRESSED  C 

C  SOURCES  AT  THE  POINT  ON  THE  BOUNDARY.  THE  IMPRESSED  C 

C  SOURCES  ARE  THE  VOLUME  CHARGE  DENSITY  INSIDE  THE  CYLINDER.  C 
C  THESE  ARE  THE  SOURCES  THAT  APPEAR  ON  THE  RIGHT  C 

C  HAND  SIDE  OF  THE  POISSON'S  EQUATION.  C 


CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 


c 

IMPLICIT  COMPLEX* 1 6  (C) 

IMPLICIT  REAL* 8 (A-B,E-H,P-Z) 

DIMENSION  V ( 200 ) , RI ( 200 ) , Z ( 200 , 200 ) 

DIMENSION  XVI ( 200 ) , YV1 ( 200 ) ,XV2(200) ,YV2(200) 

COMMON/NNN/N DP ( 1 0 ) , BCOND ( 10,3), NTOTAL 
COMMON/TYPE/LAPOIS , EPSR 
NMAX=200 
C 

C  READ  TOTAL  NUMBER  , NTOTAL , OF  LINEAR  SEGMENTS  V.’HICH 
C  CONSTITUTE  THE  BOUNDARY  FOR  THE  PROBLEM.  ALSO 
C  READ  THE  DIELECTRIC  CONSTANT  ,EPSR,  OF 
C  THE  MEDIUM. 

C 

C  IF  LAPOIS  IS  ZERO  THEN  WE  ARE  SOLVING  LAPLACE  EQUATION 
C  IF  LAPOIS  IS  ONE  THEN  THE  PROBLEM  IS  POISSON  TYPE. 

C 

READ( 92,*)  NTOTAL, EPSR, LAPOIS 
I F( LAPOIS. EO.l )WRITE(93, 1232 ) 

I F ( LAPOIS . EQ . 0 ) WR ITE ( 9  3 , 1 2  3  3 ) 

1232  FORMAT(/,25X, 'THIS  IS  POISSON  S  EQUATION:',/) 

1233  FORMAT(/, 25X, ’THIS  IS  LAPLACE  S  EQUATION:',/) 

WRITE (93, 1234) NTOTAL, EPSR 

1234  FORMAT ( 25X ,  1 - - ' 

4  ,// , 1  OX , ' NO .  OF  TOTAL  LINEAR  SEGMENT  BOUNDAR I ES= ' , 1 2 , / , 1  OX , 

4  'THE  DIELECTRIC  CONSTANT  OF  THE  CYLINDER  IS= ' , F8 . 4 ,//) 

NAI  =  0 
NB  1  =  0 
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c 

DO  199  1=1, NTOTAL 
C 

C  FOR  EACH  OF  NTOTAL  LINEAR  SECMENTS  FORMING  THE  BOUNDARY 
C  CALL  THE  INFORMATION  (INFOR)  SUBROUTINE  TO  ; 

C  A)  READ  IN  THE  COORDINATES  (XI, Yl)  OF  THE  INITIAL  POINT  AND  (X2,Y2) 

C  OF  THE  FINAL  POINT  OF  I'TH  LINEAR  SEGMENT, 

C  B)  READ  IN  THE  NUMBER  ,NSEC,  OF  SMALLER  SUBSECTIONS  THAT  THIS  PARTICULAR 
C  LINEAR  SECMENT  IS  TO  BE  DIVIDED.  THE  CENTER  OF  EACH  OF  THESE 
C  SUBSECTIONS  IS  A  MATCH INC  POINT. 

C  C)  READ  THE  VALUES  ALPHA,  BETA,  AND  GAMA  FOR  THIS  PARTICULAR 
C  LINEAR  SEGMENT. 

C  D)  FIND  THE:  COORDINATES  OF  THE  STARTING  AND  ENDINC  POINTS  OF  THESE 
C  SUBSECTIONS  AND  STORE  THEM  IN  THE  ARRAYS  XVI , YV1 , XV2 , YV2 . 

C 

C 

C 

CALL  INFOR (XVI , YV1 , XV2 , YV2 ,NAI , UMAX , A , B ,G) 

NDP( I ) =NAI-NBI 
BCOND( I, 1)=A 
BCOND( I , 2 ) =B 
BCOND( 1,3) =C 
C 

C  WRITE  THE  BOUNDARY  CONDITIONS  DATA  FOR  THIS  LINEAR  SECMENT; 

C 

WRITE (93,111) 

111  FORMAT (  1 1 '  ) 

WRITE ( 9  3,112)  I ,  A , B  ,G 

112  FORMAT (////SX, 'THIS  IS  THE  INFORMATION  OF  THE 
S  BOUNDARY  = '  , IX , 1 3 ,// , 5X , *  HERE  ALPHA= '  , F9 . 5 , 3X , 

$  ' BETA= '  ,E11.4,3X,‘ GAMA=  *  ,F9.5,/) 

C 

C  WRITE  GEOMETRICAL  DATA  FOR  THIS  LINEAR  SEGMENT; 

C 

WRITE ( 93,114) 

114  FORMAT (////12X, 2 ( ' X-COORDINATE ' , 5X , * Y-COORDI NATE ' , 5X ) ) 

WRITE (93, 115) (J.XVl(J) , YV1 (J) , XV2 { J ) , YV2 { J ) , J=NBI+1 , NAI ) 

115  FORMAT ( // ( 5X , I  3 , 4 ( 2X , 1 E ) ) / ) 

NBI=NAI 

199  CONTINUE 

C 

C  OBTAIN  THE  TOTAL  NUMBER  OF  UNKNOWNS  IN  THE  MATRIX  EOUATION. 

C 

NUNKNS=NAI 

WRITE (93,993) NUNKNS 

993  FORMAT ( 5X, 'TOTAL  NO.  OF  UNKNOWNS=  *  ,13,//) 

C 

C  CALL  THE  SOLUTION  SUBROUTINE  TO  SOLVE  THE  PROBLEM. 

C 

CALL  SOLTN ( Z , V , R I , XVI , YV1 , XV 2 , YV2 , NUNKNS , NMAX ) 

998  CONTINUE 

STOP 
END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
SUBROUTINE  INFOP.(XVl  ,  YVl  ,XV2  ,  YV2  ,  NAI  ,  MM  ,  A  ,  R  ,  G  ) 

IMPLICIT  COMPLEX* 16  (C) 

IMPLICIT  REAL*8(A-B,E-H ,P-Z) 

C 

C  IN  THIS  SUBROUTINE  THE  DATA  IS  ARRANGED  IN  THE  PROPER  FORM 


non  non  noon 


c 

DIMENSION  XVl(NM)  ,YV1(NM)  ,XV2(NM)  ,YV2(NM) 

NMODES=MAI 

C  READ  THE  COORDINATES  (Xl.Yl)  AND  (X2,Y2), 

C  READ  THE  NUMBER  OF  SECTIONS  OF  THE  BOUNDARY  (NSEC), 

C  ALSO  READ  THE  BOUNDARY  CONDITIONS  INFORMATION;  ALPHA(A), 

C  BETA(B)  AND  GAMA(G)  , 

C 

C 

READ(92,*}Xl,Yl,X2,Y2,NSEC 

Xl=Xl*l .D-06 

Yl  =  Yl *  1 . D-06 

X2=X2* 1 . D-06 

Y2=Y2* 1 . D-06 

READ( 9  2 , * ) A  ,  B ,G 

EDELX=(X2-X1 ) /FLOAT ( NSEC ) 

EDELY=(Y2-Yl ) /FLOAT ( NSEC ) 

DO  20  J= 1 , NSEC 
NNODES=NNODES+l 

XVI ( NNODES ) =Xl+FLOAT( J-l ) *EDELX 
YVl(NNODES) = Y1 +FLOAT ( J- 1 ) *EDELY 
20  CONTINUE 

DO  70  I =NAI+ 1 , NNODES- 1 
XV2 ( I ) =XV1 ( 1+1 ) 

YV2 ( I ) =YV1 ( 1+1 ) 

70  CONTINUE 

75  XV2 (NNODES )=X2 
YV2( NNODES )=Y2 

76  NAI=NNODES 
RETURN 
END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
SUBROUTINE  SOLTN( Z ,V,RI ,XV1 , YVl , XV2 , YV2 , N , MM ) 

IN  THIS  SUBROUTINE  THE  MATRIX  EQUATION  AX=Y  IS  SOLVED  USING  THE 
METHOD  OF  MOMENTS. 

IMPLICIT  COMPLEX* 1 6  (C) 

IMPLICIT  REAL* 8 ( A-B , E-H , P-2 ) 

DIMENSION  V(N) ,RI(N)  ,Z(N,N)  ,AUX1(600) ,AUX2(  600) 

DIMENSION  XVI ( NM ) , YVl(NM) ,XV2(NM) , YV2(NM) 

COMMON/NNN/NDP (10) ,BCOND(10,3) ,NTOTAL 

INTIALIZE  THE  VECTORS  Z,V,AND  RI . 

DO  5  I  =  1 ,  M 
V ( I ) =0 . DO 
RI  (  I ) =0 . DO 
5  CONTINUE 

DO  10  1  =  1  ,N 
DO  10  J= 1 , N 
Z  (  I  ,  J  )  =0  .  DO 
10  CONTINUE 

CALL  THE  SUBROUTINE  VMATRX  TO  COMPUTE  THE  EXCITATION  VECTOR. 

CALL  VMATRX ( V , N , XVI , YVl , XV2 , YV2 , NM ) 

C 


C  CALL  THE  ZHATRX  SUBROUTINE  TO  OBTAIN  THE  IMPEDANCE  MATRIX. 

C 

CALL  ZHATRX ( Z,XVl ,  YVl , XV2 , YV2 , N , MM ) 

C 

C  CALL  THE  ELSV  SUBROUTINE  TO  INVERT  THE  MATRIX. 

C 

EP-0.1D-09 

CALL  ELSV(Z,AUXl,AUX2,N,DE,EP) 

WRITE{ 93 , 1 18 ) DE 
118  FORMAT ( 5X , *  DE  *' ,1E) 

C 

C  MULTIPLY  THE  INVERSE  OF  Z-MATRIX  WITH  THE  EXCITATION  VECTOR 
C  TO  OBTAIN  THE  CHARGES. 

C 

DO  25  1*1, N 
SUM=0 . DO 
DO  24  J=1 ,N 
SUM=SUM+Z ( I ,J)*V< J) 

24  CONTINUE 
RI ( I ) =SUM 

25  CONTINUE 
C 

C  WRITE  THE  CHARGES  ON  THE  OUTPUT  FILE. 

C 

NF=0 

DO  135  JKLM= 1 , NTOTAL 
NI=NF+1 

NF=NF+NDP( JKLM) 

WRITE! 93,101) 

101  FORMAT! '1') 

WRITE(93, 102)  JKLM 

102  FORMAT !//5X, 'CHARGES  ON  THE  BOUND.  =’,1X,I2,//) 

ALPHA=BCOND(JKLM,l ) 

BETA=BCOND( JKLM, 2) 

GAMA=BCOND( JKLM, 3) 

VJRITE  (93, 198  )  ALPHA, BETA  ,GAMA 
198  FORMAT! 5X ,  ' FOR  THIS  BOUNDARY  ALPHA* 1  , El 1 . 4 , 

&3X, ’ BETA* ' ,  El  1 . 4 , 3X  , 'GAMA= ' , El 1.4,//) 

DO  30  I=NI,NF 
VJRITE!  9  3,105)  I ,  RI  { I ) 

105  FORMAT (/IX, 13, 5X, Ell. 4) 

30  CONTINUE 
135  CONTINUE 

CALL  FIELD(RI ,H,XV1 ,XV2, YVl , YV2  ,NM) 

RETURN 

END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
SUBROUTINE  VMATRX ( V, N , XVI , YVl , XV2 , YV2 , NM ) 

C 

C  IN  THIS  SUBROUTINE  THE  EXCITATION  VECTOR  V  IS 
C  COMPUTED  . 

C 

IMPLICIT  COMPLEX* 1 6  !C) 

IMPLICIT  REAL*8(A-B,E-H,P-Z) 

DIMENSION  V( N ) ,XV1(NM) ,YV1(NM) ,XV2(NM) ,YV2(NM) 
COMMON/NNN/MDP! 10) ,BCOND( 10,3) , NTOTAL 
COMMON/TYPE/LAPOIS , EPSR 
P I  =  4 . DO  *  DATAN { 1 . DO  ) 

TP=2.D0*PI 
EPS=EPSR*8 .854D-12 
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if  i  LAt,iUb.ty.im'3ifM,s 
NF=0 

DO  110  JKLMN-1 ,NTOTAL 
NI*NF+ 1 

NF=NF+NDP( JKLMN ) 

ALPHA“BCOND( JKLMN, 1 ) 

BETA“BCOND( JKLMN , 2) 

GAMA“BCOND( JKLMN ,3) 

DO  100  I=NI *  NF 
V( I ) *GAMA*TP 
I F ( LAPOIS . EQ . 0 ) GO  TO  100 
X1=XV1(I) 

Y1=YV1(I) 

X2=XV2( I) 

Y2= YV2 ( I ) 

XF= ( X1+X2 )/2 . 0 
YF=( Y1+Y2 )/2 . 0 
I F( ALPHA . EQ .0.0 )GO  TO  90 
CALL  POTEN{ XF , YF , POT ) 

V{ I)=V( I)-ALPHA*POT 

C  IF ( LAPOIS . EQ . 1 .AND. BETA . EO . 0 . 0 ) V( I ) = 1 0 . 0*V( I ) 

IFfBETA. £0.0.0)00  TO  100 
90  CALL  GRAD(XF, YF , POTX , POTY ) 

FNRMD=- ( X2-X1 ) *POTY 
FNRMD=FNRMD+( Y2- Yl )*POTX 

FL=SQRT< <X2-Xl)*(X2-Xl)+( Y2-Y1 )*( Y2-Y1  )  ) 

V( I ) =V( I ) -BETA*FNRMD/FL 
100  CONTINUE 
110  CONTINUE 

RETURN 
END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
SUBROUTINE  2MATRX ( 2 ,XV1 , YV1 , XV2 , YV2 , N , NM ) 

C 

C  IN  THIS  SUBROUTINE  THE  2-MATRIX  IS  FORMED. 

C 

IMPLICIT  COMPLEX* 16  <C) 

IMPLICIT  REAL* 8 ( A-B , E-H , P-Z ) 

DIMENSION  XVl(NM) ,YV1(NM) ,XV2(NM) , YV2(NM) ,Z(N,N) 
COMMON/NNN/NDP (10), BCOND( 10,3), N TOTAL 
COMMON/TYPE/LAPOIS , FPSR 
Cl =DCMPLX ( 1 . DO , 0 . DO ) 

CK=DCMPLX ( 100 . DO , C . DO) 

P I  =  4  .  DO  *  DATAN  (  1 .  DO  ) 

NF=0 

DO  1000  JKLM= 1 , NTOTAL 
ALPHA=BCOND( JKLM , 1 ) 

BETA=BCOND( JKLM , 2 ) 

NI=NF+1 

NF=NF+NDP( JKLM) 

DO  999  I =NI , HF 
C 

C  COMPUTE  THE  PARAMETERS  OF  THE  FIELD  SUBSECTION 
C 

XI=XV1(I) 

XI  PI =XV2 ( I ) 

YI=YV1 ( I ) 

YIP1=YV2( I) 

CZI=CMPLX(XI,YI) 

CZIP1-DCMPLX(XIP1 , YIP1 ) 


£l)t:Li='CDAt5M<_£it'i-l-£i  I 
CUI«(CZIP1-CZI )/EDELI 
CZ ICAR* (CZI+CZIPl )/2 .DO 
DO  888  J-l ,N 
C 

C  COMPUTE  THE  PARAMETERS  OF  THE  SOURCE  SUBSECTION 
C 

XJ-XVl(J) 

XJP1*XV2 ( J ) 

yj-yvhj) 

YJPl«YV2(J) 

CZJ*DCMPLX(XJ ,YJ) 

CZJP1*DCMPLX(XJP1 , YJP1 ) 

EDELJ=CDABS (CZJP1-CZJ) 

CUJ*(CZJP1-CZJ)/EDELJ 

CARC* (C2ICAR-CZJPl)/( C2 ICAR-CZ J ) 

C 

CTERM=CDLOG ( CARG ) /CUJ 

I F ( BETA. EQ ■ 0 . DO ) CO  TO  666 

IF(I.EO.J)£DERV=PI 

I F( I . NE . J ) EDERV=DIMAG( CUI*CTERM ) 

Z ( I , J ) “BETA*  EDERV 
I F ( ALPHA . EQ . 0 . DO ) GO  TO  888 
CCCCCCCCCCCCC 

666  CT1= { CZ ICAR-CZ J ) *CTERM 

CT2=EDELJ* ( 1 .DO+CDLOC(CK/ (CZ ICAR-CZ JP1 ) ) ) 

2 ( I , J ) =Z ( I , J } +ALPHA*DREAL( CT1+CT2 ) 

C  IF{ LAPOIS . EQ • 1 • AND. BETA. EQ.0.D0)Z(I,J)=10.0*Z(I ,J) 

888  CONTINUE 

999  CONTINUE 

1000  CONTINUE 
RETURN 
END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
SUBROUTINE  FI ELD( RI , N , XVI ,XV2 , YVl , YV2 , NM ) 

IMPLICIT  COMPLEX* 1 6  (C) 

IMPLICIT  REAL*8(A-B,E-H,P-Z) 

DIMENSION  RI (N) ,XV1(NM) ,XV2(MM) ,YV1(NM) , YV2 ( NM ) 

COMMON/TYPE/ LAPOIS , EPSR 
TP I * 8 . DO*  DATAN ( 1 . DO ) 

I F( LAPOIS. EQ. 1 )TPI=TPI*EPSR*8.854D-12 
Cl*( 1.D0.0.D0) 

CK>(100.D0,0.D0) 

C 

C  READ  K=NO .  OF  POINTS  AT  WHICH  FIELD  AND  POTENTIAL  IS  TO  BE  COMPUTED 
C 

READ(92,*)XIN,YIN,XFIMrYFIN,  K 

IF(K.EQ. 1 ) IJKL*1 

I F ( K . EO . 1 ) GO  TO  78 

XDEL* ( XFIN-XIN )/FLOAT ( K- 1 ) 

YDEL*( YF IN- YIN) /FLOAT (K-l ) 

78  CONTINUE 

DO  50  J-l  ,K 

X“ ( XIN+FLOAT (J-l)*XDEL)*l.D-06 

Y= ( YIN+FLOAT (J-l )*YDEL)*1 .D-06  ,  x 

IF(K.EQ.l.AND.J.NE.l)CO  TO  50 
CZK  =  DCMPLX ( X  f  Y) 

SUMP*0 . DO 
SUMX=0 . DO 
SUMY'O.DO 
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CZ I =DCMPLX ( XVI ( I ) ,  YV1  (  I )  ) 

C2 IP1=DCMPLX ( XV 2 ( I ) ,YV2(I) ) 

£DELI=CDABS (CZIPl-CZI ) 

CUI=(CZIP1-C2I )/EDELI 
CAP.G=  (C2K-C2IP1)/(C2K-C2I  ) 

CTERMO=CDLOG ( CARG ) /CU I 
CTERM= ( C2K-C2 I ) *CTERMO 

CTERM2=EDELI* ( Cl+CDLOG (CK/(C2K-C2IP1) ) ) 

CWI=CTERM+CTERM2 
SUMP=SUMP+RI ( I ) *DREAL{ CMI ) 

SUMX=SUMX+RI ( I ) *DREAL( CTERMO ) 

SUM Y=SUMY-RI ( I ) * DIMAG ( CTERMO ) 

SUMF=SQRT(SUMX*SUMX+SUMY*SUMY) 

45  CONTINUE 

SUMP=SUMP/TPI 

SUMX=SUMX/TPI 

SUMY=SUMY/TPI 

SUMF=SUMF/TPI 

C  WRITE (  18 ,55  )CZK, SUMP, SUMX, SUMY, SUMF 

I F ( LAPOIS . EO • 0 ) CO  TO  50 
CALL  POTEN ( X , Y , SP ) 

SUMP=SUMP+SP/TPI 
WRITE{ 18,49 )X,Y, SUMP 

49  FORMATS  3X, ' X= ' , El 1 . 5 , 2X , *  Y= 1 , E2 1 . 5 , 3X , 1  TOTAL  POT= ' , Ell . 4 ,/) 

50  CONTINUE 

55  FORMAT ( IX, ' Z= ' , 2E1 1 . 5 , 3X , ' POT= ' , E10 . 4 , 3X , ’ EX= ’ , E10 . 4 , 2X , 

6  ' EY=' , E10 . 4 , 3X , 1 ETOT= ' ,E10 .4 ) 

RETURN 

END 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

SUBROUTINE  ELSV( A , B , C ,N , DE , EP ) 

IMPLICIT  REAL*8(A-H,P-Z) 

DIMENSION  A(NfN) ,B(N) ,C{N) 

DO  11  1=1, N 
B ( I ) =0 . DO 
C( I)=0.D0 
DO  12  J=1 , N 

12  C(I)=C(I)+A(I,J) 

11  A  ( I ,  I )  =A  (  I ,  I )  - 1 .  DO 

DO  13  K=1 , N 
DO  14  J=1,N 
B(J)=A(K,J) 

14  A( K , J ) =0 . DO 
A(K,K)=1.D0 
W=B(K)+1 .DO 

I F ( ABS ( W) . LT . EP ) GO  TO  17 
DO  13  1=1, N 
Y=A(I,K)/W 
DO  13  J=1 , N 

13  A(I,J)=A(I,J)-B(J)*Y 
DE=0 . DO 

DO  .15  J=1  ,N 
B( J ) =0 . DO 
DO  16  1=1, N 

16  B(J)=B(J)+A( I,J) 

15  DE=DE+C(J)*B(J) 

RETURN 

1.  DE=- 1 . DO 

RETURN 


IMPLICIT  COMPLEX* 1 6  (C) 

IMPLICIT  PEAL*8  ( A-B , E-H , P- Z ) 

C 

C 

C  THIS  PROGRAM  GIVES  THE  POTENTIAL  AMD  THE 
C  GRADIENT  OF  THE  POTENTIAL  PRODUCED  BY  A 
C  'TRTAIN  TV/O  DIMENSIONAL  CHARGE  DISTRIBUTION 
C  i  A  POINT  (X,Y) . 

C 

C  NOTE  THAT  AS  THE  CHARGE  DISTRIBUTION  IS  CHANGED 
C  THIS  PROGRAM  SHOULD  BE  CHANCED  ACCORDINGLY. 

C 

C  THIS  PROGRAM  WILL  BE  CALLED  BY  THE  PROGRAM  NAMED 
C  ‘ DNEWPOISSON’  ONLY  IF  THE  PARAMETER  LAPOIS  IS  1  IN 
C  THAT  PROGRAM. 

C 

RHO=-3200 . DO 
AK=100 . DO 
Xl=-0 . 50D-06 
Yl=-0.04D-06 
X2=0 . 5D-06 
Y2=0 . 04D-06 
CCCCCCCCCCCCCCCCCCC 

POT=(Y2-Yl ) *(X2-X1 ! *DLOG(AK) 
CCCCCCCCCCCCCCCCCCC 

EDEL1=DABS ( X2-X1 ) 

Ul=(X2-Xl) /EDEL1 
CCCCCCCCCCCCCCCCCCC 
FI 1= ( Y2-Y1 ) 

POT=POT+EDELl *  FI 1 
CCCCCCCCCCCCCCCCCCC 

CZ3=DCMPLX(X2,Y1) 

CZ4=DCMPLX(X2, Y2) 

CZ=DCMPLX(X, Y) 

EDEL2=CDABS( CZ4-CZ3 ) 

CU2=(CZ4-CZ3 )/EDEL2 

CT2= ( CZ-CZ3 ) *CDLOG ( ( C2-CZ4 )/(CZ-CZ3) )/CU2 
CT2=CT2+EDEL2* ( 1 . DO-CDLOG( CZ-CZ4 ) ) 
CCCCCCCCCCCCCCCCCCCCC 
FI2=DREAL( CT2 ) 

FI31=(X1-X)*FI2 
POT=POT+EDELl *  FI 2  +  FI3 1/U1 
CCCCCCCCCCCCCCCCCCCC 
XS=X2 

CALL  INTG(XS,Y1,Y2,X,Y,RES32) 
CCCCCCCCCCCCCCCCCCCCCC 
FI32=RES32 
POT=POT+FI32/Ul 
CCCCCCCCCCCCCCCCCCCC 

CZ5=DCMPLX(X1 ,Y1 ) 

CZ6=DCMPLX(X1,Y2) 

EDEL3=CDABS ( CZ6-CZ5 ) 

CU3=(CZ6-CZ5)/EDEL3 

CT41=(CZ-CZ5)*CDLOG( (CZ-CZ6 )/(CZ-CZ5) )/CU3 
CT4 1 =CT4 1 +EDEL3* ( 1 . DO-CDLOC ( CZ-CZ6 ) ) 
CCCCCCCCCCCCCCCCCCCCCCCC 

FI4I=(X1-X) *DREAL(CT41 ) 

POT=POT-FI 4 1/U1 
CCCCCCCCCCCCCCCCCCCCCCC 


CALL  INTCCXS , Yl ,Y2 ,X,Y,RES42 ) 
CCCCCCCCCCCCCCCCCCCCCCCCCCCC 
FI42-RES42 
POT-POT- FI  4 2/U1 
POT=RHO*POT 
RETURN 
END 

SUBROUTINE  INTG ( XS , Y1 , Y2 , X , Y , RES ) 

IMPLICIT  REAL* 8 (A-B,E-H,P-Z) 

PI«4. DO* DATAN { 1 .DO) 

TP-2 ,D0*PI 
P02-PI/2 . DO 
P04-PI/4 . DO 
IF{ X— XS ) 20 , 10  15 

10  IF(Y.CE.Y2)R£S=P04*( ( Y2- Y )*( Y2-Y) -( Yl-Y )*( Yl-Y ) ) 

IF(Y.LE.Y1)RES— P04*( (Y2-Y)*(Y2-Y)-( Yl-Y)* (Yl-Y) ) 

I F ( Y . GT . Y 1 . AND. Y . LT . Y2 ) IM- 1 

IF( IM . EO. 1 ) RES--P04* ( ( Y2-Y )*( Y2-Y) +  (  Yl-Y) *(  Yl-Y ) ) 

RETURN 

15  T1=(X-XS)*( Y2-Y1) 

T2=( Y-Y2 ) * ( Y-Y2)+ (X-XS)* (X-XS) 

T3= ( Y-Yl ) * ( Y-Yl ) + ( X-XS ) * (X-XS ) 

T4  =  (  Y2-Y)/(X-XS) 

T5=( Yl-Y)/(X-XS) 

IF( Y .GE . Y2 ) RES= ( T1-T2* DATAN ( T4 ) +T3 *  DATAN ( T5 ) ) /2 . DO 
IF( Y. LE. Y1 ) RES- ( T1 -T2 *DATAN( T4 ) +T3*DATAN ( T5 ) )/2.DO 
I F ( Y .GT . Y1 .AND. Y . LT . Y2 ) IM=1 

IF ( IM . EO- 1 ) RES= ( T1+T3* DATAN ( T5 ) -T2  * DATAN ( T4 ) )/2.D0 
RETURN 

20  T1=(XS-X)*{ Y2-Y1) 

T2= ( Y2-Y ) * ( Y2-Y ) +{ XS-X ) * (XS-X) 

T3= ( Y-Yl ) * ( Y-Yl ) + ( XS-X ) * { XS-X ) 

T4=(Y2-Y)/(XS-X) 

T5= (Yl-Y)/{XS-X) 

TERM=P02* ( ( Y2-Y)*(Y2-Y)-{Y1-Y)*(Y1-Y) ) 

IF( Y. GE. Y2 ) RES-TERM- (T1-T2* DATAN (T4)+T3*DATAN(T5) )/2.D0 
IF(  Y . LE . Y1 ) RES--TERM+ ( T2 * DATAN (T4 ) -T1-T3* DATAN ( T5 ) ) /2 . DO 
IF ( Y . LT . Y2 .AND. Y .GT . Y1 ) IM= 1 

I F ( IM.EO.DTM— P02*(  (  Yl-Y)*(  Y1-Y)  +  (Y2-Y)*(  Y2-Y)  ) 

IF( IM . EO* 1 ) RES-TM- ( Tl +T3* DATAN (T5 ) -T2* DATAN ( T4 ) )/2 . DO 

RETURN 

END 

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCC 
SUBROUTINE  GRAD{ X , Y , GX ,GY 5 
implicit  complex*16  (c) 

IMPLICIT  REAL *8 ( A-B  r  E-H, P-Z ) 

RHO—  3200. DO 
C2-DCMPLX ( X , Y ) 

XI  — 0.50D-06 
Yl— 0.04D-06 
X2-0.5D-06 
Y2-0.04D-06 
CZ1=DCMPLX(X1 , Yl ) 

CZ2=DCMPLX(X2, Yl) 

CZ3=DCMPLX(X1 , Y2) 

CZ4=DCMPLX(X2,Y2) 

EDEL1=CDABS(CZ2-CZ1) 

CU1=(CZ2-CZ1 )/EDELl 
EDEL2=CDABS(CZ4-CZ3) 


CU2-(C24-C7:3  ) /RDKL2 

CTERM1=(CZ-CZ1 )*CDLOC( < CZ -CZ 2 ) / ( CZ-CZ  1 ) )/CUl 
CTERMl=CtERMl+EDELl*( 1 .DO+CDLOC( 1 .D0/(CZ-CZ2) ) ) 
CT£RM2*{  CZ-CZ3 ) *CDLOO( ( CZ -C Z 4 ) / ( CZ -CZ 3 ) ) /CU2 
CTERM2-CTERM2+EDEL2* ( 1 . DO+CDLOC( 1 . D0/( CZ-CZ4 ) ) ) 
GY”-RHO*DREAL( CTERM2-CTERM1 ) 

CX-O.DO 

RETURN 

END 


SAMPLE  INPUT/OUTPUT  FILE : 


The  following  is  the  input/output  file  for  the  long 
channel  MOSFET  problem  considered  in  Fig.  4.  The  results 
presented  in  the  following  are  plotted  in  Fig.  6  and  7. 


VfcA  iJtfrs  >  im  .  An  lb  1  ia >  lm\ 


I 


4  11.750  1 

0.5  -0.106  0.5  0.106  12 

1.0  0.0  5.9 

-0.5  0.106  -0.5  -0.106  12 
1.0  0.0  0.9 

-0.5  -0.106  0.5  -0.106  25 

0.0  1.0  0.0 

0.5  0.1C6  -0.5  0.106  25 

1.0  0.22E-06  2.0 

-0.50  0.1059999  0.50  0.105999  21 


X=- . 50000E-06 

Y  =  0 . 10600E-06 

TOTAL 

P0T= 

0 . 9552E+00 

X=-.45000E-06 

Y=0 . 10600E-06 

TOTAL 

P0T= 

0. 1016E+01 

X-- . 40000E-06 

Y=0 . 10600E- 06 

TOTAL 

P0T= 

0. 1005E+01 

X=  - . 35000E-06 

Y=0. 10600E-06 

TOTAL 

POT- 

0 . 9841E+-00 

X=- . 30000E-06 

Y=0 . 10600E-06 

TOTAL 

POT= 

0. 9704E+00 

X=- . 25000E-06 

Y=0. 10600E-06 

TOTAL 

POT= 

0 . 9691E+00 

X=-. 20000E-06 

Y=0. 10600E-06 

TOTAL 

POT= 

0 . 9827E+00 

X=- . 15000E-06 

Y  =  0 . 10600E-06 

TOTAL 

POT= 

0. 1012E+01 

X=- . 10000E-06 

Y=0. 10600E-06 

TOTAL 

POT= 

0 . 1059E+01 

X=- . 50000E-07 

Y=0 . 10600E-06 

TOTAL 

POT= 

0 . 1126E+01 

X=0 . OOOOOE+OO 

Y=0. 10600E-06 

TOTAL 

POT= 

0. 1216E+01 

X=0 . 50000E-07 

Y=0 . 10600E-06 

TOTAL 

POT= 

0 . 1332E+01 

X=0 . 10000E-06 

Y=0 . 10600E-06 

TOTAL 

POT= 

0 . 1478E+01 

X=0 . 15000E-06 

Y=0. 10600E-06 

TOTAL 

POT= 

0 . 1661E+01 

X=0 . 20000E-06 

Y=0. 10600E-06 

TOTAL 

POT= 

0 . 1891E+01 

X=0 . 25000E-06 

Y=0. 10600E-06 

TOTAL 

POT= 

0 . 2178E+01 

X=0. 30000E-06 

Y=0. 10600E-06 

TOTAL 

POT= 

0 . 2534E-t-01 

X=0 . 35000E-06 

Y=0 . 10C00E-06 

TOTAL 

POT= 

0 . 2936E+01 

X=0 . 40000E-06 

Y=0 . 10600E-06 

TOTAL 

POT= 

0 . 3575E+01 

X=0 . 45000E-06 

Y=0 . 10600E-06 

TOTAL 

POT= 

0 . 4387E+01 

X=0 . 50000E-06 

Y=0 . 10600E-06 

TOTAL 

POT= 

0 . 5556E+01 

-24- 
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.5-0.106  2.5  0.106  12 

.0  0.0  5.9 
-2.5  0.106  -2.5  -0.106  12 
1.0  0.0  0.9 

-2.5  -0.106  2.5  -0.106  50 

0.0  1.0  0.0 

5  0.106  -2.5  0.106  50 

1.0  0.22E-06  2.0 

-2.50  0.1059999  2.50  0.105999  21 


X*-. 25000E-05  Y=0 . 10600E-06  TOTAL  POT*  0.9238E+00 
X=- . 22500E-05  Y=0 . 10600E-06  TOTAL  POT*  0.7867E+00 
X*-. 20000E-05  Y=0. 10600E-06  TOTAL  POT=  0.6475E+00 
X  =  - . 17500E-05  Y=0 . 10600E-06  TOTAL  POT*  0.5955E+00 
X*-. 15000E-05  Y=0 . 10600E-06  TOTAL  POT=  0.5764E+00 
X=- . 12500E-05  Y  =  0 . 10600E-06  TOTAL  POT*  0.5694E+00 
X*  -  .  10000E-05  Y  =  0 . 10600E-06  TOTAL  POT*  0.5669E+00 
X*- . 75000E-06  Y=0 . 10600E-06  TOTAL  POT*  0.5659E+00 
X* - . 50000E-06  Y=0. 10600E-06  TOTAL  POT=  0.5656E+00 
X=  - . 25000E-06  Y=0 . 10600E-06  TOTAL  POT=  0.5655E+00 
{=0 .  OOOOOE+OO  Y=0 . 10600E-06  TOTAL  POT*  0.5656E+00 
X=0 . 25000E-06  Y=0 . 10600E-06  TOTAL  POT*  0.5659E+00 
X=0 . 50000E-06  Y=0 . 10600E-06  TOTAL  ?0T=  0.5667E+00 
X*0 . 75000E-06  Y=0 . 10600E-06  TOTAL  POT*  0.5692E+00 
X=0. 10000E-05  Y=0 . 10600E-06  TOTAL  POT*  0.5758E+00 
X=0 . 12500E-05  Y=0 . 10600E-06  TOTAL  POT*  0.5940E+00 
X=0 . 15000E- 05  Y=0. 10600E-06  TOTAL  POT*  0.6434E+00 
X=0 . 17500E-05  Y=0 . 10600E-06  TOTAL  POT*  0.7788E+00 
X*0 . 20000E-05  Y=0. 10600E-06  TOTAL  POT*  0.1147E+01 
X=0 . 22500E-05  Y=0 . 10600E-06  TOTAL  POT*  0.2158E<-01 
X=0 . 25000E-05  Y=0 . 10600E-06  TOTAL  POT*  0.5499E+01 


I 


E 
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Fig.  2.  The  potential  in  R  is  produced  by  the  impressed 


volume  trharges  p  and  the  equivalent  surface  charges  o. 

^  + 

The  surface  charges  are  on  C  ,  (just  outside  of  bounding 
surface  C). 
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ABSTRACT 


Susceptibility  of  a  class  of  bipolar  RF  pover  transistors  (known  as 
stripline-opposed  emitter  (SOE)  devices)  to  electrical  overstressing  (EOS) 
is  studied.  By  virtue  of  having  unique  packaging  compatible  for 
RF/stripline  applications,  SOE  devices  pose  prominent/extended  exteriors  for 
static  propensity  and  hence  are  critically  vulnerable  to  damages/degradation 
as  predictable  by  the  charged-device  modeling.  As  such,  contrary  to  the 
popular  notion  that  rugged  bipolar  devices  are  not  excessively  prone  to  ESD- 
based  detrimental  effects,  SOE  transistors,  on  the  other  hand,  are  severely 
vulnerable  to  EOS  threats.  It  is  not  just  the  Vunsch-Bell  limit  of 


ws 


catastrophy  due  to  PN  junction  burnout  (under  high-level  zaps)  that  dicates 


the  damages  in  the  devices  like  SOE  transistors.  The  entire  device 
configuration,  namely,  active  junction,  metallization,  bonding,  etc.,  as 
well  as  the  external  packaging,  decide  the  device  lethality.  This  is 
demonstrated  by  experimental  studies  on  a  family  of  SOE  devices  by 
subjecting  them  to  ESD  zaps  using  a  Human  Body  Simulator.  The  results 
positively  indicate  that  their  vulnerability  is  in  excess  of  Class  II  limit 
specified  by  DOD-HDBK-263  and  require  specific  handling  precautions,  lest 
they  would  pose  quality  control  and/or  field  failure  problems.  Especially, 
considering  these  devices  being  extremely  costly,  specific  ESD  control 
efforts  are  rather  imminent. 


INTRODUCTION 


This  work  addresses  the  proneness  to  ESD/EOS  of  certain  bipolar  devices 
used  in  RF  power  amplification,  commonly  known  as  stripline-opposed  emitter 
(SOE)  transistors.  These  devices  have  characteristic  packagings  as  depicted 
in  Fig.  1.  They  are  silicon  transistors  designed  for  high  efficiency,  high 
linearity  Class  A-pover  amplification  at  UHF  bands  [1]. 

The  primary  electrical  advantage  of  the  SOE  packages  are  the  low 
inductance  stripline  leads  which  interface  very  well  with  the 
microstriplines  often  used  in  UHF/VHF  equipment  and  the  good  collector  to 
base  isolation  provided  by  the  two  emitter  leads.  The  two-emitter  concept 
promotes  symmetry  in  board  layout  when  combining  devices  to  obtain  higher 


power  output.  Further,  stud  and/or  flange-mounting  feasibility  of  SOE 
devices  permit  excellent  heat-sinking  and  hence  high  thermal  performance. 


While  the  aforesaid  characteristics  allow  popular  use  of  the  SOE 
devices  for  the  purpose  of  RF  power  amplification,  there  is  no  available 
data  regarding  their  performance  under  electrostatic  discharge 
(ESD)/electrical  overstressing  (EOS)  environment.  Like  any  bipolar  device, 
per  DOD-HDBK-263,  these  devices  may,  in  general,  fall  under  Class  II 
category  (2)  of  components  in  respect  of  their  ESD/EOS  proneness.  However, 
this  generalization  needs  to  be  verified  because  the  peculiar  package- 
geometry  pose  a  prominent/extended  cross-section  of  exposure  to  the  static 
environment.  As  such,  the  severity  of  ESD  damage  in  such  bipolar  devices 
would  be  reduced  not  only  by  the  Vunsch-Bell  limits  of  catastrophy  [3]  at 
the  PN  junction  [4],  but  also  by  the  static  propensity  and  parasitic  (shunt) 
paths  of  static-discharge  associated  with  the  device  package.  Further,  the 
inherent  capacitive  and/or  inductive  reactance  of  the  device-exterior  will 
profusely  influence  the  static  discharge  characteristics  and  hence  the 
relevant  ESD-based  stressings  on  the  device. 


Thus  the  present  work  will  decide  whether  SOE  packaged  bipolar  devices 
be  classified  under  general  Class  II  type  of  ESD-prone  components  as  listed 
in  the  DOD-HDBK.-263.  Relevant  effort  will  also  explicitly  determine  the 
effect  of  performance-based  packaging  on  the  device  vulnerability  to 
ESD/EOS. 
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In  SOE  devices,  the  junctions  are  designed  enough  to  carry  a  sustained 
current  flow  of  about  1  ampere,  compatible  for  high  power  applications. 
Therefore,  the  possibility  of  total  junction  burnout  (Wunsch-Bell  limit)  by 
ESD  zaps  may  not  be  anticipated.  However,  considering  the  total  device 
geometry  (with  its  constricted  regions,  bond/metallization  regions,  etc.), 
vulnerability  of  the  device  to  ESD-based  damages  cannot  be  ruled  out, 
especially  due  to  the  presence  of  high  static  propensive  exterior 
(packaging).  Hence,  the  present  investigations  are  done  on  the  devices 
subjecting  them  to  simulated  ESD  zaps  to  evaluate  their  proneness  to  EOS 
damages. 

EXPERIMENTAL  STUDIES 

The  test  transistors  considered  are:  ENI  10A,  ENI  14B  and  ENI  2240. 
These  devices  form  a  class  of  bipolar  active  elements  intended  for 
applications  with  high  performance  thermal  and  high  frequency 
characteristics.  They  have  typical  stripline  opposed  emitter  (SOE) 
packaging  designed  for  interfacing  with  microstriplines  and  for  good  thermal 
dissipative  capabilities. 

Prezap  Tests: 

The  static  characteristics,  as  well  as  the  transistor  gain  hpg,  were 
measured  prior  to  the  application  of  zaps.  The  unstressed  device 


characteristics  indicate  that  for  a  given  type  of  transistor,  the  reverse- 
bias  leakage  current  varies  widely  from  piece-to-piece  at  ambient 
conditions.  The  reverse  breakdown  also  ranged  from  abrupt  to  smooth 
artifacts.  In  some  cases,  ohmic  short  across  base-emitter  (B-E)  junctions 
were  observed. 

The  prezap  test  results  are  presented  in  Tables  1  to  3  and  the  prezap 
test  is  labelled  as  'a'  in  the  test  sequence. 

Zap  Tests: 

The  zap  tests  were  performed  on  the  devices  using  an  ESD  human-body 
simulator  (Model:  IMCS2400).  This  equipment  simulates  the  transient 
discharge  characteristics  which  is  a  close  representation  of  the  ESD  event 
pertaining  to  the  static  discharge  from  a  human  body.  The  simulator  circuit 
(per  MIL-M-38150)  [2]  is  depicted  in  Fig.  2. 

Testing  methods  are  documented  [2]  in  DOD-HDBK-263,  Art.  6.2.  Normally 
ESD-based  part  failure  is  defined  as  the  inability  of  a  part  to  meet  the 
electrical  parameter  limits  of  the  part  specifications.  Any  measurable 
change  in  a  part  electrical  parameter  due  to  an  ESD  could  like  an  indication 
of  part  damage  and  susceptibility  to  further  degradation  and  subsequent 
failure  with  successive  ESD. 


Hence  using  the  standard  ESD  Simulator  (Model:  IMCS2400),  the  test 
devices  were  subjected  to  various  combinations  (in  terms  of  polarity, 
amplitude,  multiplicity,  etc.)  of  ESD  zaps.  (Prior  to  overstressing,  the 
devices  were  assessed  for  their  characteristics,  as  mentioned  earlier  under 
'Prezap  Tests' ). 

The  characteristics  of  the  devices  after  each  mode  of  test  were 
measured  using  the  Semiconductor  Parameter  Analyzer  Model:  HP4145.  These 
results  are  presented  in  Tables  1-3.  The  sequence  of  tests  conducted  after 
overstressing  are  referred  to  as  b,  c,  d,  e,  f,  and  g. 

Tables  1-3  provide  the  complete  compilation  of  test  data  and  summarize 
the  results.  The  recorded  characteristics  are  depicted  in  a  few  sets  of 
figures  appended.  Each  set  of  figures  is  identified  by  the  device 
type/number,  the  sample  number,  and  the  test  sequence.  For  example, 
Fig.  A  l.b  denotes  the  characteristics  of  the  transistor  A  (ENI  10A),  sample 
number  1,  after  the  overstressing  sequence  of  'b,'  as  described  in  Table  1. 
Likewise,  B  refers  to  transistor  ENI  14B,  and  C  denotes  ENI  2240. 

OBSERVATIONS 

a.  The  tested  devices  are  prone  to  ESD-based  failures  and/or 
degradations. 


Low  level  zaps  cause  no  catastrophic  damages.  However,  the  devices 
are  susceptible  for  catastrophic  failures  at  high  zap  levels  which 
can  be  anticipated  at  low  humidity  situations. 

The  degradation  is  cumulative  but  stabilizes  after  a  few  multiple 
zaps.  Up  to  20X  change  in  hpE  and  a  more  serious  variation  of  IEBQ 

(leakage  current)  changing  in  excess  of  100X  were  observed. 

Polarity  Dependence:  Zaps  of  alternating  polarities  appear  to 

influence  the  degradation  to  a  larger  extent.  (The  probabilities 
of  occurrence  of  positive  and  negative  zaps  can  be  anticipated  to 
be  the  same  in  practice.) 

Multiple  single  polarity  zaps  of  larger  magnitude  do  not  cause  more 
harm  than  low  intensity,  multiple  zaps  of  bidirectional  polarity. 

Isolated  single  zaps  appear  to  cause  no  damage  (even  on  already 
wounded  devices). 

Frequent  manual  handling  of  the  devices  with  the  possibilities  of 
applying  zaps  of  bidirectional  polarities  in  a  sequence,  would 
damage  them  to  a  maximum  extent. 


The  devices  are  more  prone  to  damages  while  receiving  a  set  of 
initial  zaps.  Subsequent  zaps  may  not  influence  any  further 
degradation.  However,  the  devices  pose  high  probabilities  of 
receiving  initial  zaps  anywhere  in  the  production/manufacturing, 
shipping  or  assembly  lines. 

The  devices  can  be  subjected  to  harmful  zaps  at  subassembly/PCB 
levels.  However,  their  chances  of  getting  degraded  by  single  or 
multiple  zaps  at  equipment  level  are  rather  remote. 

Devices  which  exhibit  base-emitter  ohmic  leakage  during  prezap 
screen,  have  been  observed  to  suffer  higher  damages,  even  at  low  or 
subcatastrophic  ESD  levels. 

Description  of  observed  damages  in  these  test  devices: 

Noncatastrophic  ESD-Human  Body  model  zaps  applied  between  the  base 
the  the  emitter  of  the  transistors  with  serial  numbers  ENI  10A  and 
ENI  14B  caused  these  devices  to  exhibit  lower  h^E  and/or  larger 

base-emitter  junction  leakage  current.  ESD  pulses  that  forward 
biased  the  B-E  junction,  lowered  the  h^^,  without  significantly 

increasing  the  leakage  current  while  pulses  of  reverse  biasing 
polarity  degraded  the  B-E  junction's  characteristics  invariably 
without  affecting  the  transistor  gain  at  nominal  current  levels. 


ESD  pulses  of  reverse  polarity  did  also  affect  the  low  current 
level  transistor  gain.  The  observation  can  be  explained  as 
follows: 

1.  When  a  reverse  biasing  ESD  pulse  is  applied  to  the  junction, 
most  of  the  power  dissipation  occurs  within  the  depletion 
layer  where  the  electric  field  intensity  is  maximum.  The 
temperature  rise  and  the  subsequent  crystal  damage  in  the  form 
of  increased  recombination/generation  centers  can  be 
anticipated  to  be  very  high  in  the  vicinity  of  the  junction. 
Therefore,  junction  leakage  current  which  is  predominately 
controlled  by  carriers  that  are  generated  within  the  depletion 
region  increases. 

2.  The  transistor  gain  at  nominal  current  levels  does  not  depend 
on  depletion  layer  parameters  and  therefore,  it  is  not 
sensitive  to  reverse  biasing  ESD  pulses. 

3.  The  reason  for  transistor  gain  being  lower  at  low  current 
densities  is  the  significant  loss  of  injected  carriers  by 
recombination  across  the  B-E  junction's  depletion  layer;  this 
parameter  drops  when  reverse  biasing  ESD  pulses  are  applied  to 


4.  The  test  transistors  are  made  by  planar  technology.  The 
curved  edges  of  the  junctions  are  the  most  vulnerable  regions 
in  reverse  bias;  the  reverse  breakdown  occurs  first  at  these 
edges  and  most  of  the  ESD  transient  current  flows  through  edge 
regions. 

The  rest  of  the  junction,  as  well  as  the  bulk  of  the  emitter 
and  the  base,  are  however,  much  less  affected.  As  the 
transistor  gain  at  nominal  current  depends  mainly  on  what 
occurs  in  these  regions,  this  parameter  is  not  very  sensitive 
to  ESD  pulses  of  reverse  polarity. 

5.  The  transient  current  during  forward  biasing  due  to  ESD  zaps 
flows  through  the  entire  junction  area  and  degrades  the  bulk 
of  the  emitter  and  the  base,  thus  affecting  hp^  at  all  current 

levels. 

The  catastrophic  failures  observed  with  the  transistors  ENI  10A  and  ENI 
14B  are  due  to  the  (emitter)  contact  metallization  penetrating  into  silicon 
and  introducing  an  ohmic  low  resistance  path  across  the  B-E  junction.  This 
metal-silicon  alloy  spike(s)  penetrate  deep  into  the  base,  even  reaching  the 
base-collector  junction  depletion  layer,  thus,  severly  affecting  current- 
voltage  characteristics  at  this  junction. 


Regarding  the  transistor  ENI  2240,  the  observed  latent  failures  were 
due  to  an  increased  wire/thin  film  and/or  thin  film  metallization/silicon 
contact  resistance.  Both  the  emitter  and  the  base  contacts  displayed  this 
sort  of  vulnerability  to  ESD  zaps.  The  contact  fatigue  increased  gradually 
with  repetitive  ESD  zaps,  resulting  in  an  undue  increase  in  contact 
resistance  values.  As  a  result,  larger  V^g  values  were  needed  to  pull  the 

transistor  out  of  saturation  (an  increasingly  larger  portion  of  the  applied 
V^,-,  dropped  at  the  contacts,  rather  than  appearing  across  the  internal  PN 

junctions).  The  excessive  Joule  heating  at  the  contacts  resulted  in  the 
penetration  of  the  thin  film  metallization  into  the  silicon.  Low  resistance 
paths  were  found  across  the  B-E  and/or  B-C  junction  of  the  devices  that 
suffered  catastrophic  failures. 

DEVICE  HANDLING:  SUGGESTIONS 

1.  Inasmuch  as  the  test  devices  indicated  proneness  to  wounding  and/or 
catastrophic  failures  under  ESD  zaps,  proper  handling  procedure  is 
suggested . 

2.  Though  classified  as  Class  II,  the  test  devices  being  costly 
semiconductors  be  packaged,  transported  and  handled  with  necessary  care 
as  specified  in  DOD-HDBK-263 . 


3.  Part  Screening:  Some  of  the  devices  tested  exhibit  bypass  leakage 

characteristics  across  B-E  junction  (e.g.  ENI  10A)  prior  to  zapping. 
This  could  have  resulted  from  improper  handling  (?).  Another  test  piece 
having  normal  prezap  characteristics  vas  zapped  (ESD-HBM  Test  Voltage 
16KV  peak,  multiple)  and  shoved  similar  wounded  ohmic  characteristics. 
Therefore,  it  is  suggested  that  for  reliable  circuit  operation,  devices 
which  could  have  been  damaged  earlier  either  due  to  ESD  or  otherwise  may 
be  screened  out  via  simple  base-emitter  I-V  characteristic  tests 
enabling  the  rejections  of  damaged  pieces. 

4.  ENI  2240  shows  contact  and/or  metallization  based  vulnerability  to 

damages  under  EOS.  Test  results  indicate  contact  and/or  metallization 

resistance  increasing  cumulatively  with  number  of  zaps.  Hence,  it 

limits  the  I  capability  of  the  device  to  a  significant  extent  and 

c  max  ° 

makes  it  unsuitable  for  large-signal  applications.  Both  emitter  and 

collector  pose  the  above  enhanced  contact/metallization  resistance 

problem.  In  this  point  of  view,  use  of  ENI  2240  may  be  carefully 

reviewed. 
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ABSTRACT 

A  class  of  composites,  popularly  known  as  static  dissipative 
materials,  is  widely  used  in  semiconductor  manufacturing  and/or 
handling  situations,  as  surface-finishes,  packing  media,  etc.  to 
prevent  excessive  tribo elec trie  charge  accumulation  upon  semiconductor 
devices,  lest  device  failure  may  occur  due  to  electrical  overstressing . 
Presently,  a  mixture  model  to  predict  the  effective  electrostatic 
propensity  of  a  two-phase  composite  formed  by  a  dispersal  of  conducting 
(and  shaped)  inclusions  in  an  insulating  medium  is  developed  on  the 
basis  of  stochastical  considerations.  A  closed-form  expression  to 
determine  optimum  design-value  for  the  volume-fraction  of  conducting 


INTRODUCTION 


A  variety  of  synthetic  and  organic  composites  are  used  in  the 
industrial  environment  as  bench-top  materials,  floor-finishes, 
containers,  carpets/floor-mats,  workroom  apparel/garments,  etc. 
and  these  materials,  in  general,  are  highly  electrostatic  propensive 
[1-5].  That  is,  whenever  there  are  two  nonconductive  (insulating) 
materials  moving  in  opposite  directions  abrading  against  each  other, 
a  high  triboelectric  potential  would  build  up  between  the  abrading 
surfaces  on  separation;  as  a  result,  electric  charges  of  opposite 
polarity  accumulate  upon  these  surfaces  and  they  do  not  bleed-off 
easily  due  to  high  resistivity  of  the  insulating  media.  They  can 
stay  put  upon  the  surfaces  as  puddles  over  a  long  duration  of  time 
until  a  conducting  medium  comes  in  contact  with  the  surfaces  [2] . 

In  electronic  industries  triboelectricity  is  regarded  as  a  menace 
[6]  because  any  accidental  static  voltage  transfer/buildup  occuring 
in  a  semiconductor  device  may  cause  catastrophic  or  latent  device¬ 
failure.  Especially  microelectronic  devices  pose  high  reliability 
problems  arising  from  sneaky  failures  due  to  electrostatic  discharge 
(ESD)  which  is  considered  as  a  new  contaminant  of  the  age  of  chips. 

One  of  the  preventive  measures  adopted  to  control  static  electrification 
in  microelectronic  industries  is  to  use  a  distinct  class  of  synthetic 
composites  which  are  less  prone  to  triboelectric  effects.  Such 
static  propensity-controlled  composites  are  of  two  types,  namely  (i) 
antistatic  or  static-repulsive  materials  and  (ii)  static-dissipative  or 
static-conductive  materials  [5]. 


Static-conductive  composite  materials  help  to  solve  the  problems  of 


electrostatic  discharge  by  controlling  the  generation,  accumulation, 
and  dissipation  of  static  charges.  They  offer  proven  static  protection 
in  electronic  manufacturing,  assembly,  and  test  areas  —  in  hospitals 
and  in  computer  facilities  where  sensitive  electronic  equipment  is 
installed  and  handled. 

Static  dissipative  composites  are,  in  general,  composed  of 
conductive  materials  (such  as  carbon,  metallic  particles,  etc.)  which 
are  diffused  into  an  insulating  medium  like  ceramic,  rubber  or  plastic, 
etc.  The  conductive  elements  are  randomly  distributed  throughout  the 
surface  as  well  as  in  the  bulk  portion  of  the  material  so  that  a 
required  amount  of  volume  and  surface  electrical  resistivity  are 
realized,  and  this  resistivity  generally  determines  the  ability  of  the 
material  to  dissipate  the  static  charge.  Though  it  can  be  expected 
that  electrostatic  decay  performance  would  bear  a  linear  relation  with 
the  conductivity,  this  hypothesis  may  not  be  wholly  correct  in  respect 
of  a  composite  material.  This  is  because  of  the  capacitance  effects 
associated  with  the  material  which  would  "slow  down”  the  charge 
dissipation  rate. 

The  purpose  of  the  present  investigations  is  to  develop  a  stochas- 
tical  model  which  would  predict  the  electrostatic  propensity  and  bleed- 
off  properties  of  a  static  dissipative  composite  in  terms  of  quantifiabl 
terms  suitable  for  design  calculations  pertaining  to  the  fabrication  of 
composites  having  desired  static-dissipative  characteristics. 


MODEL 


Stochastical  characteristics  of  the  test  composite: 

In  order  to  design  a  composite  medium  which  has  a  high  electro¬ 
static  dissipative  property,  it  is  necessary  to  consider  the  electro¬ 
magnetic  response  of  the  material  in  terms  of  both  electrical 
conductivity  and  permittivity  of  the  medium.  For  this  purpose,  the 
test  composite  is  presently  regarded  as  a  two-phase  stochastical  mix¬ 
ture  in  which  the  insulating  medium  forms  the  c3  jpersing  continuum  and 
the  conducting  phase  constitutes  the  random  inclusions. 

The  electrostatic  propensity  of  this  composite/mixture  can  be 
quantified  in  terms  of  electrical  polarisability  of  the  medium  which 
depicts  the  surface  density  of  bound  charges  therein.  And  the 
polarisibility  can  be  assessed  in  terms  of  dielectric  susceptibility 
or  permittivity  characteristics  of  the  chaotic  mixture.  And,  to 
quantify  the  static-bleed-off  abilities  of  the  test  medium,  one  has  to 
consider  the  resistivity  of  the  medium  which  is  primarily  determined 
by  the  conducting  inclusions. 

To  evaluate  the  effective  permittivity  and/or  conductivity  of  the 
test  material,  the  relevant  parameters  to  be  considered  are  therefore, 
(i)  the  permittivity  (Gi)  and  the  conductivity  (o i )  of  the  dispersing 
inclusions,  (ii)  the  volume- fraction  of  the  inclusions  (<f>)  ,  (iii)  the 
permittivity  (£2)  and  conductivity  (02)  of  the  dispersing  insulator, 
and  (iv)  a  shape-factor  (g)  depicting  the  geometry  of  the  inclusions. 

There  are  a  host  of  formulas  available  in  the  literature  [7]  to 
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calculate  the  effective  permittivity  and/or  conductivity  of  multiphase 
systems.  However,  they  are  based  on  the  analytical  formulation 
pertaining  only  to  the  material  response  to  the  electric  field 
(Clausius-Mosotti  principle)  {7]  and  they  do  not  consider  the  true 
statistical  aspects  of  the  mixture.  The  only  stochastical  formulation 
that  exists  is  due  to  Lichtenecker  [7]  and  Rother  [8,9)  and  is  known 
as  logarithmic  law  of  mixing.  But  even  this  logarithmic  law  has  two 
deficiencies,  namely  (i)  it  has  no  dependency  on  the  shape- factor  (g) 
which  is  incorrect,  and  <ii)  it  would  not  reduce  to  a  linear  form  so 
as  to  be  inconsistent  with  certain  limiting  conditions  as  indicated 
by  Reynold  and  Hough  [10] .  This  inconsistency  is  due  to  an  illogical 
supposition  by  Lichtenecker  who  considered  a  mixture  as  chaotic  and 
ordered  simulatneously  [11] . 

Taking  into  view  the  aforesaid  limitations  on  the  existing 
mixture  formulas,  a  generalized  stochastical  formulation  applicable  to 
any  physical  property  of  a  mixture  is  presently  derived  by  modifying 
the  logarithmic  law  as  indicated  below: 


Modified  logarithmic  law  of  mixing 

Considering  the  theory  of  mixtures  as  a  probability  problem, 
Lichtenecker  and  Rother  [8,9]  deduced  the  logarithmic  mixture  law  from 
general  principles.  For  a  mixture  of  two  components,  it  is  given  by. 


P 


(1) 


where  p  depicts  any  g  aerie  physical  property.  Inasmuch  as  the 
logarithmic  formulation  is  not  consistent  with  Reynold-Hough* s 
generalization  on  linearity  [101,  an  alternate  form  of  weighted 
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geometric  mean,  as  given  below,  is  proposed  here: 


P 


c(px,  P2. 


..  n (a/b)  1-n (a/b) 

PU  PL 


(2) 


where  py  =  (Jip^  +  p2  and  pL  =  [(j>/p1  +  (l-<f>)/P2]  1  are  the  Weiner's 

upper  and  lower  limits  respectively.  In  Equation  (2)  it  is  presumed 
that  n^  fraction  of  the  chaotic  system  behaves  as  if  oriented  in 
the  direction  of  the  electric  field  induction  and  the  remaining 
(l-n)th  fraction  is  oriented  orthogonally.  Here,  n  is  considered  as 
a  function  of  the  axial  ratio  of  the  shaped- inclusions  (namely  a/b) 
only,  and  C  is  the  weighting  factor  depending  on  p  ,  p^,  and  4>. 

The  expression  of  Equation  (2)  is,  however,  applicable  to  a 
statistical  mixture  only  when  the  following  constraints  are  met  with: 

(i)  In  the  limiting  value  of  n  -►  1/2,  Equation  (2)  should  degenerate 
to  Equation  (1) .  (ii)  In  order  to  satisfy  the  extreme  conditions  of 
a/b  tending  to  infinity  or  zero,  n(a/b)  should  be  bounded  within  the 
limits  0  <  n  1  for  any  values  of  p^  and  p2  and  for  0  <f>  <_  1. 

(iii)  The  magnitude  of  p  (for  any  finite  values  of  p^  and  p2  and  for 

0  <  <  1)  should  always  be  bounded  and  lie  within  Wiener's  limits. 

(iv)  At  the  terminal  values  of  $  —  namely  0  and  1  —  the  value  of  p 
should  be  entirely  specified  by  the  single  component  value,  p^ 

and  p2> 

With  the  application  of  the  aforesaid  constraints,  and  after  elaborate 
algebraic  manipulations,  Equation  (2)  can  be  explicitly  given  by  the 
following  expression  (s ) » 


t 

I 
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„  -  e2  [l  -  (i-e)  WjiS-Je) 


where  e  is  the  eccentricity  of  the  particle  which  can  be  expressed 
in  terms  of  the  axial  ratio  as  follows: 


e  =  (1  -  -)  if  a  >  b 

3. 


and  e  =  ( - 1)  if  a  <  b. 

b 


When  e  =  o  (which  corresponds  to  the  base  of  —  =  1,  or  for 

*  D 

spherical  and  sphere-like  particles),  the  value  of  M  becomes  3; 

3  3 

and  when  —  »1  or  —  «1,  M  asymptotically  reduces  to  unity.  Hence, 
from  Equation  (4)  it  follows  that 


|  =  1  or  0  (if  p  >  p); 

^"Or0  12 


=  0  or  1  (if  p1  <p2) . 


Therefore,  n  (^)  is  always  within  0  to  1  limits,  irrespective  of 


the  extent  of  particle  eccentricity. 


Further,  it  can  be  shown  that  the  coefficient  function  C  of 
Equation  (2)  attains  minimum  and  maximum  values  at  volume  fractions 
of  $  and  4  «  (!-♦,)  respectively;  and  $  is  given  by 


’’i'i 


where  t  can  be  explicitly  stated  as 


where  £  is  the  free-space  permittivity  and  E  denotes  the 

o 


electrical  field  intensity  associated  with  the  triboelectric 


potential  of  the  medium. 


Hence,  the  electrostatic  propensity  arising  from  triboelectric 


polarisation  is  directly  proportional  to  the  dielectric  constant  or 


the  effective  permittivity  of  the  composite  (assuming  that  the  two 


materials  involved  in  the  abrading  process  are  identical);  however, 


if  the  materials  involved  are  dissimilar,  the  triboelectrification 


would  depend  on  the  ratio  of  the  dielectric  constants  of  the 


materials  concerned.  That  is,  the  relative  triboelectrification  in 


the  materials  A  and  B  can  be  specified  as 


(e  -1) 

A 


(£3-!) 


In  view  of  the  above  considerations,  it  follows  that  materials 


with  low  effective  permittivity  are  less  susceptible  for  tribo¬ 


electric  propensity.  This  property  should  be  duly  considered  in 


the  design  of  static-conductive  materials  as  described  below. 


Static  conductive  materials  can  be  characterized  by  their  high 


static-dissipative  abilities.  Quantitatively,  the  time-constant 


(T)  of  static  bleed-off  can  be  regarded  as  an  indicator  of  the 


static-dispensing  nature  of  the  test  medium.  This  time  constant  T 


can  be  expressed  in  terms  of  the  effective  values  of  permittivity 


(£)  and  the  electrical  conductivity  (o)  of  the  composite  as  follows: 


x  =  eQe  /  a 


(11) 


where  the  values  of  e  and  a  can  be  determined  by  Equation  (3)  and 
CQ  is  the  free-space  permittivity. 

In  order  to  achieve  a  fast  bleed-off,  the  time  constant  T  must 
be  minimum.  However,  minimization  of  T  is  subjected  to  certain 
practical  constraints.  The  constraints  cure:  (i)  The  test  composite 
is  a  stochastical  mixture  and  therefore  the  effective  values  of  e 
and  a  should  be  specified  by  the  expression  of  Equation  (3) . 

(ii)  The  maximum  value  of  the  volume- fraction  (4>)  of  the  conducting 
inclusions  is  equal  to  1.  (iii)  The  minimum  value  of  the  volume- 
fraction  {<}>)  (threshold  value)  is  determined  auid  limited  by  the 
amount  of  conducting  inclusions  required  for  the  establishment  of 
the  electrical  percolative  current  paths  in  the  mixture-matrix. 

(iv)  Considering  a  test  material  of  cross-sectional  area  'a*  and 
length  '£,'  the  resistance  per  unit  length,  namely  R/t  =»  l/oa, 
should  be  greater  than  a  minimum  value  specified  by  certain  manda¬ 
tory  rules  concerning  fire-hazard/short-circuit  protection 
specifications  stipulated  for  industrial  applications  of  these 
materials  [14).  With  the  aforesaid  constraints,  an  optimum  value 
for  4>  can  be  obtained  by  minimizing  the  bleed-off  time-constant  (T) 
as  detailed  below: 

The  electrical  capacity  (C)  and  the  resistance  (R)  of  the  test 
material  of  cross-sectional  area  'a'  and  length  are  given  by 

C  -  eQe  a /l  (12) 


and 


R  *  L/ <Ja. 


(13) 


And  considering  the  fire-hazard  /short-circuit  protection  limita¬ 
tions  on  the  resistivity  of  a  test  material,  the  relevant  constraint 
can  be  explicitly  written  as: 


p  .  <  1 

min  — 


(14) 


where  ^  is  the  minimum  value  of  bulk  resistivity  of  the  composite 
material  prescribed  by  fire-proof  regulations  [15] . 


Using  Equation  (3)  and  with  relevant  simplifications,  the  con 
straint  specified  by  Equation  (14)  can  be  rewritten  as 


<t>  • 

min 


<  $  <  -*°ge 


‘PminV 


*°ge  i<ya2) 


(15) 


where  <fc  specifies  the  threshold  value  required  for  the  current 
min 

percolation. 


Considering  the  time-constraint  T  (equal  to  RC)  ,  its  approximate 
value,  determined  by  Equations  (3)  and  (11),  can  be  expressed  as 
follows : 


(16) 


/  J| 


Hence,  to  obtain  a  minimum  value  for  T,  (i)  should  be  close  to  1; 
and,  (ii)  since  a2>>0i'  necessarY  t0  take  the  largest  possible 

value  of  <j>.  Therefore,  the  design-  value  of  $  (as  given  by  Equation 
15)  should  be 


tog  <p  a  ) 

e  min  2 

£°ge  (o1/o2) 


(17) 


DESIGN  EXAMPLE 

Consider  a  composite  material  formed  by  blending  Bakelite  and 
recycled  aluminium  powder.  The  Bakelite  material  (insulator)  has 

the  following  values  for  the  electrical  constants:  e2  =  4.5  and 

P2  =  2  x  101"  ohm-meter;  and  for  aluminium,  ei  =  1  and  a 2  >=  3.53  x  107 

Siemens/meter . 

Suppose  this  composite  material  is  used  as  a  static-conductive 
floor  covering.  Then,  it  has  to  meet  the  electrical  resistance 
requirements  of  the  National  Fire  Protection  Association  Bulletin 
56A,  "Standard  for  the  Use  of  Inhalation  Anesthetics.  “  This  stan¬ 
dard  specifies  that  the  average  electrical  resistance  of  an 
installed  floor  shall  be  between  25000  ohms  and  10s  ohms  as 
measured  between  two  electrodes  placed  3-feet  apart.  The 
resistance  to  ground  shall  be  more  than  25000  ohms  as  measuiri 
between  a  ground  connection  and  an  electrode  placed  at  any  p-i  r  • 


on  the  floor.  The  resistances  represent  the  average  of  five  r 
more  readings  per  room  or  installation  and  are  measured  •oivnCm; 
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to  the  procedures  outlined  in  NFPA  56A  which  are  essentially  the 
same  as  that  of  ASTM  F  150-72,  "Standard  Test  Method  for  Electrical 
Resistance  of  Conductive  Resilient  Flooring." 

Hence,  taking  the  specified  minimum  value  of  25000  ohms,  the 

corresponding  value  of  resistivity  (p  .  )  of  the  test  composite  can 

nan 

be  calculated  by  assuming  the  thickness  of  the  floor  covering  as  1/8 

inch.  Then  the  calculated  value  of  p  .  is  equal  to  8  x  10s  ohm-meter. 

min 

Using  Equation  (17),  the  optimum  value  of  $  can  be  determined.  In 
the  present  example,  it  is  equal  to  0.3386.  The  corresponding  value 
of  decay  time-constant  T  is  191. 53y  sec.  This  value  is  acceptable  as 
per  MIL-B-81705B  specification  which  stipulates  a  decay  rate  of  2.0 
seconds  as  maximum. 


The  static  decay  time-constant  (T)  of  materials  is  normally 
measured  by  the  procedures  outlined  in  Method  4046  of  Federal  Test 
Method  101B,  dated  8/15/74.  The  static  accumulation  or  propensity 
can  be  determined  similar  to  the  test  procedure  of  AATCC-134, 
"Electrostatic  Propensity  of  Carpets."  (or  ANSI-ASTM  D  2679-73  [15].) 

STATIC  PROPENSITY  OF  COMPOSITES 
WITH  FIBROUS  CONDUCTING  INCLUSIONS 


The  present  analysis  can  also  be  extended  to  composite  materials 
formed  by  adding  fibrous  conducting  inclusions  in  an  insulating 
medium.  Such  composites  would  give  a  required  extent  of  electrical 


conductivity  in  a  preferred  direction  determined  by  the  orientation 
of  the  fibers.  Using  Fricke's  formulation  (described  by  one  of  the 
authors  elsewhere  [12]),  Equation  (3)  can  be  simplified  for  long 
(or  needle-like)  fibrous  inclusions.  Relevant  investigations  are  in 
progress. 

RESULTS  AND  CONCLUDING  REMARKS 

The  present  work  essentially  describes,  via  appropriate  modeling, 
a  design  methodology  for  choosing  the  correction  composition  of 
materials  in  the  fabrication  of  static-conductive  composites. 

The  relative  electrostatic  propensity  of  two  materials  (A  and  B) 
can  be  specified  in  terms  of  their  dielectric  constants  (e^  and  £0) 
(Equation  10)  as  illustrated  in  Figure  1.  For  identical  materials 
(N  *  e  /e  -1),  the  charge  propensity  is  the  same  in  either  of  them 

A  D 

as  expected;  and  for  large  values  of  the  dielectric  constants  of  any 
one  of  the  materials  (say,  eft) ,  the  relative  propensity  approaches 
asymptotically  the  ratio  of  the  dielectric  constant,  namely  N, 
irrespective  of  the  magnitude  of  N.  However,  for  low.. values  of  £^» 
the  relative  propensity  tends  to  infinity  for  any  given  value  of  N. 
Therefore,  it  follows  that,  when  a  material  of  low  permittivity 
abrades  with  a  material  of  higher  permittivity,  the  triboelectrifica- 
tion  would  be  intense.  This  is  true  for  composite  materials  also. 

Considering  the  design  of  a  composite  with  controlled  static 
propensity,  the  choice  of  optimum  value  of  volume- fraction  ($)  (with 
the  constraint  on  resistivity  specified  by  fire-hazard  limitations) 


» 

i 

depends  on  both  the  conductivity  of  the  inclusions  as  well  as  on  the  | 

ratio  of  the  conductivities  of  the  dispersing  insulator  and  the  I 

i 

dispersed  inclusions  (Equation  17) .  Figure  2  illustrates  the  j 

typical  ranges  of  the  practical  values  of  the  material  constraints 
and  the  corresponding  design-values  of  the  volume- fractions. 

If  low  volume- fraction  of  inclusions  is  preferred  (so  as  to 
obtain,  for  example,  certain  desired  mechanical/elastic  properties)  , 
then  as  could  be  inferred  from  Figure  2  it  is  necessary  to  choose 
the  dispersing  material  with  higher  conductivity.  Thus  the  present 
formulation  has  a  design  flexibility  to  suit  the  practical 
situations . 

Bleed-off  time  of  a  composite  material  as  a  function  of  conduc¬ 
tivity  of  dispersed  inclusions  is  presented  in  Figure  3  for  two 
different  volume- fractions  of  the  inclusions.  The  delay  or 

capacitive  effects  of  the  dispersing  insulating  medium  is 
determined  by  the  dielectric  constant  (e^) '  Figure  3  corresponds 
to  a  (practical)  parametric  value  of  etJua^  ohm-meter. 

It  can  be  observed  from  Figure  3  that  both  0^  and  o ^  control  the 
bleed-off  time  to  a  significant  extent  and  that  the  role  of  z^  is 
implicit.  However,  compatible  design  can  be  achieved  as  illustrated 
by  an  example  given  before  as  regards  a  mixture  composite  of  Bakelite 
and  aluminium  powder. 

Thus,  the  present  work  considers  cohesively  all  the  effective 
parameters  which  decide  the  bleed-off  and  static  propensity  properties 
of  a  composite  material,  and  its  utility  in  the  design  of  static 
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dissipative  composites  needs  no  emphasis.  Special  composite 
dielectrics  using  rubber  {6]  as  the  insulator  and  solid  electrolytes 
tl7J  as  inclusions  are  being  designed  as  per  the  present  investigations. 
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CAPTIONS  FOR  DRAWINGS: 
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Figure  1.  Relative  electrostatic  propensity  of  two  abrading  (nonconducting) 

materials  A  and  B.  The  magnitude  of  relative  propensity  is 

decided  by  the  electrical  polarisability/susceptibility  of  the 

materials  quantified  in  terms  of  the  permittivities  e  and  e  . 

A  B 


Figure  2.  Dependency  of  the  optimized  volume-fraction  on  the  conductivities 

of  the  dispersing  insulator  ( a and  the  dispersing  inclusions 

(0^).  The  range  of  values  of  and  a2  indicated  correspond  to 

practical  materials;  and  the  resistivity  of  a  composite  is  limited 

to  a  minimum  value  of  p  ,  =  8  x  10®ohm-meter  (as  decided  by  fire¬ 

man 

hazard  regulations) . 

Figure  3.  Bleed-off  time  of  a  test  composite  as  a  function  of  the  conductivity 
(0j )  of  inclusions  in  the  insulator  for  two  typical  volume-fractions 
(<H  .  The  capacitive  effects  of  the  insulator  are.  implicitly 
decided  by  the  ratio  taken  as  a  constant  parameter.  (The  ranges 
of  the  constants  depicted  correspond  to  practical  materials.) 
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COMPLEX  PERMITTIVITY  OF  A  DIELECTRIC 
MIXTURE:  CORRECTED  VERSION  OF 
LICHTENECKER'S  LOGARITHMIC  LAW  OF 
MIXING 


I ndtxlng  umu:  Dielectrics,  Complex  permittivity  of  o  mixture, 
Uchtenecke r’l  formula.  Logarithmic  law 

Lkhleaedter'i  logarithmic  expreuion  (or  tbe  permittivity  of 
•  dielectric  mixture  it  corrected  to  eliminate  certain  malbe- 
matical  inconsistencies.  Thit  it  done  by  a  weighted  geometric 
mcaa  technique  which  renders  the  expression  compatible 
With  the  to-called  Reynold-Hough  linear  formulation.  Cal¬ 
culated  retulti  art  compared  with  tome  available  data. 

Introduction:  Calculation  of  electrical  induction  in  a  dispcrted 
system  by  classical  electrostatic  techniques  forms  the  basis  of 
the  existing  analytical  descriptions  of  mixture  dielectrics.  The 
permittivity  of  a  mixture  (tj  is  usually  expressed  in  terms  of 
the  permittivity  of  the  inclusions  (e,J  and  that  of  the  disper¬ 
sing  continuum  (SjJ.  (The  suffix  s  here  denotes  the  static  field 
conditions.)  The  interrelation  between  the  permittivities  would 
also  include  the  volume  fraction  d  of  the  inclusions  and  a 
‘field-ratio’  term1  to  account  for  the  depolarisation  effects1 
governed  by  the  shape  and  spatial  distribution  of  the  inclu¬ 
sions. 

Reynold  and  Hough1  succeeded  in  1957  in  reducing  all  the 
mixture  formulations  then  available  to  tbe  closest  approx¬ 
imation  of  a  linear  form  except  for  tbe  so-called  logarithmic 
law  of  mixing'  developed  by  Lkhtenecker  and  Rother.*-’  They 
doubted  some  error  in  the  logarithmic  formulation  and  later 
(in  1974)  Dukhin4  attributed  tbe  observed  inconsistency  to  an 
illogical  assumption  by  Lichtenecker,*-’  who  considered  a  dis¬ 
perse  system  as  chaotic  and  ordered  simultaneously. 

Despite  the  prevalence  of  the  aforesaid  mathematical  incon¬ 
sistency,  the  logarithmic  law  of  mixing  has  surprisingly  gained 
recognition,  supported  by  experimental  data  gathered  on 
chaotic  mixtures  with  near-spherical  inclusions.1-1  However, 
it  is  still  preferable  to  eliminate  the  persisting  incompatibility 
of  the  logarithmic  law  with  respect  to  the  generalised  linear 
form.1  This  could  be  done  by  the  modifications  suggested 
below. 

Theoretical  formulation:  Considering  a  chaotic  mixture,  the 
effective  permittivity  as  given  by  the  logarithmic  law  of  mixing 
corresponds  to  a  weighted  geometric  mean*-’  of  and  tu, 
namely  s,  -  e?,s 

Inasmuch  as  the  logarithmic  relation  is  inconsistent,  a  dif¬ 
ferent  form  of  weighted  geometric  mean,  as  given  below,  is 
proposed : 


where  *„-♦*,+  (1  -  dkj  and  «t  -  (d/*i  +  (1  -  dy«i]'' 
are  Wiener's  upper  and  lower  limits,  respectively.  In  eqn.  I,  it 
is  presumed  that  the  nth  fraction  of  the  chaotic  system 
behaves  as  if  polarised  in  the  direction  of  the  electric  field 
induction,  and  tbe  remaining  (1  —  n)th  fraction  is  polarised 
orthogonally.  Here,  n  is  considered  as  a  function  of  the  «vi»i 
ratio  of  the  inclusions  (namely,  a/b )  alone  and  C  is  the  weigh¬ 
ting  factor  depending  on  e, ,  «,and  d. 

The  expression  of  eqn.  1  should  satisfy  certain  limiting  con¬ 
ditions  pertaining  to  n,  d  and  a  Tbe  conditions  are:  (i) 
0sn£l;(ii)0s^£l  and  (iii)  for  any  finite  values  of  a, 
and  e  must  be  bounded  and  lie  within  Wiener's  limits. 
Hence 


mvx «,  > 

T(dV2,  .,<*,/ 

ir^)+Jwi 

2  !»»,)*  2C(*j)JMW‘IW  1 


0  <;  d  <;  d, 


d,  s:  d  £  dj  (2) 


2 |_2C(di)  2q*j)J  '^^m  **  1 

T(dy2,  e,  >  e3) 

X(d)A  a,  <  SjJ  ■ 


where  X(f>)  -  Z(d)  +  1/eJdL  T(d)  -  Z(d)  +  e^J.  Z(d)- 
«K*y« -4(d)-  1  +  1/etai,  f*d)~  1  +  1  ldjTl4Tl 
m  -  Vt‘s(dVru(d)]*t«i-#- 

Further,  n  is  equal  to  (5  -  Af)/4  or  (M  —  l)/4,  depending  on 
a,  >  Cj  or  a,  <  e3,  respectively.  Here,  Max  function  of  the 
a/b  ratio  which  can  be  determined  in  terms  of  tbe  eccentricity 
of  tbe  inclusions  at  indicated  in  Reference  7. 

In' eqn.  2, di  and  d2  -  (1  —  di)  denote  the  volume  fractions 
at  which  tbe  weighting  coefficient  C  attains  minimum  and 
maximum  values,  respectively;  and  it  can  be  shown  that 


■  C(c„  ej,  dW^ei 


d.-i-Wd-*)  (3) 

where  t  is  given  by 

_ _ <1»  + 1*> _ iifj _  (4) 

2(a,  -  aj  In  (e./tj)  (a,  -  iff 

Results  and  conclusions:  Since  eqn.  2  is  in  a  linear  form  and  is 
functionally  related  to  the  shape-dependent  (depolarising)  par¬ 
ameter  a/b,  it  is  compatible  with  Reynold-Hough’s  expression. 
It  is  also  valid  for  dynamic  (time-varying)  cases  relevant  to  the 
complex  permittivity  of  a  mixture. 


Table  1  COMPARISON  OF  CALCULATED  DATA  ON  THE  PERMITTIVITY  OF  A  DIELECTRIC  MIXTURE 


Volume  fraction,  d 

0 

0-1 

0-2 

0-3 

0-4 

0-5 

06 

07 

08 

09 

io 

Dielectric  constant  of  mixture  (ej 

a/b  ratio 

Calculated  by. 

(Mixture  constituents: 

c,  -  78-3,  tj  - 

20) 

Lichtenecker's 

formula1 

2-00 

2-89 

417 

601 

8  67 

12  51 

1806 

2606 

3760 

54  26 

78  3 

10 

Present  method 

2-00 

2  89 

417 

601 

8  67 

12  51 

1806 

2606 

37-60 

54  26 

78-3 

Boned  &  Peyrelasse 
formula* 

200 

302 

4-25 

500 

7-50 

1100 

1701 

2696 

4052 

583 

783 

Lichtenecker's 

formula* 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

5-0 

Present  method 

2-00 

4  32 

600 

906 

13-43 

1953 

27-96 

39-27 

53-70 

58  91 

78-3 

Boned  A  Peyrelasse 
Formula' 

2-00 

4-36 

6-42 

8-41 

12-46 

1925 

27-27 

37-90 

5016 

64  17 

78-3 

Licbtenecker’) 

formula* 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

— 

0-1 

Present  method 

2-00 

4-7 

6-60 

10-29 

15-41 

22-49 

3209 

44-63 

5900 

61-97 

78-3 

Boned  A  Peyrelasse 
formula' 

200 

5-70 

8-41 

11-52 

17-44 

25-67 

3594 

48-23 

58-20 

6802 

783 
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To  wrtlj  the  promt  fore  uia  boo,  theoretical  nmhi  m  (he 
permittivilv  obtained  by  •  rectal  lirhaijii  of  Booed  tad 
PeywUeo*  be  t  typical  dieperted  ijatca  an  pnecaud  it 
Table  1  aJoag  with  the  roulta  doe  to  the  petal  tad  loftrith- 
auc  fonaulatioae.  The  formulation  of  Boaed  tad  Ptyiaht* 
k  rigorout  but  involves  eU borate  iatefraboae  fat  oompubaf 
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WATT  diodes  aro  uaaful  at  high'  peak-power 
microwave  aourcoa  intended  for  shore  duration  applica¬ 
tions  suck  aa  la  mlesile-borne  systems.  Bovsvar, 
they  exhibit  hlfh-cataa  trophic  fatluras  Indicated 
by  althar  parlpharal  (aaaa  aurfaca)  •  burnouts  or  by 
Intense  filamentary  shortouta  within  the  bulk  of 
the  seal  conductor.  Such  failures  aro  normally  attri¬ 
buted  to  electrical  overs erase logs  (EOS)  arising 
from  17- associated  transients  or  perturbations  due 
to  changes  in  bias  voltage,  17-impedance  loading 
and/or  due  to  external  stimuli  such  aa  elecerostatlc 
discharge  (ESD),  electromagnetic  pulsing  (ZXF),  etc. 
These  electrical  overstresaings  significantly  Influence 
the  temporal  and  spatial  thermal  response  of  the 
device  leading  to  the  provocation  of  catastrophic 
failures.  Bence  In  order  to  obtain  optimum  utility 
yield  of  IMPATTs,  failure-prediction  and  trade-off 
studies  required  for  design- reviews  are  considered 
here  by  Identifying  the  mechanisms  of  failures  along 
with  relevant  heat- flow  calculations  (Vuusch-lell 
approach)  compatible  with  the  diode  geometry  and 
eleccro thermal  power  relatione.  for  a  given  extent 
of  failure  propensity  due  to  thermal  runaway  reliabil¬ 
ity  aspects  of  some  typical  dloda  structures  sre 
evaluated. 

Imtroductlom 

*  Modern  high  performance  radars  and  niaslle-borae 
ays terns  require  microwave  solid-state  sources  capable 
of  delivering  high  peak-powere  at  maximum  efficiency, 
together  with  the  adjunct  requirement  of  high  perform¬ 
ance  rs liability.  IMPACT  dlodas  are  useful  la  such 
eppl lest  Ions,  but  they  exhibit  significant  susceptibil¬ 
ity  to  catastrophic  failures  arising  from  electrical 
overscresses  (EOS)  caused  by  electrical  transients/ 
perturbations  due  to  undesirable  external  Influences,* 
such  ss  ESD,  EMP,  etc.,  or  from  clrcuit-essoclsted 
changes  like  blss-voltsge  fluctuations  or  17-impedaoce 
("detuning")  effects?,  etc.  Proneness  to  such  failures 
of  IMP ATT*  la  due  to  the  diodes  being  operated  close 
to  their  electrical  and  tharmal  limitations  so  ss 
to  realise  high  X7  power  output  and  maximum  efficiency. 
Typically,  input  power  desalt lee  of  IHPATTa  are  in 
the  10*  V/cm?  range  under  CV  operations  and  they 
approach  10?  W/cm?  under  pulsed  operations  with  pulse 
durations  of  several  microseconds  at  duty  cycles 
la  the  range  of  10  to  40X. 

Ie  order  to  improve  the  yield  of  less  failure 
prone  IMP  ATT  diodes  so  as  to  nske  them  cost-effective 
when  used  in  high  reliability  systems,  It  is  necessary 
to  understand  thoroughly  tha  failure  mecbanism(s) 
involved  so  that  appropriate  corrective  measures 
can  be  adopted  at  tha  design- level . 

The  available  fault-isolation  data  from  failed 
diodes?”?  indicate  metal  penetration  from  contacts 
into  the  semiconductor  sad/or  burnout  sheaths  sad 
cracks  along  the  mess  periphery.  Although  the  damage 
eltee  etually  show  shapeless,  lerge-sree  metal  precipi¬ 
tates,  well-defined  metallic  filaments  indicating 
the  existence  ef  elongated  hoc -spots  in  the  cere 
have  alee  been  Identified  1m  sees  Instances?.  The 
cats a crept  is  appearances  af  eneb  filamentary  bet -specs 


originate  from  tha  nonunlforn  temperature  distribution 
across  the  diode  resulting  from  finite  thermal  spread¬ 
ing  raslstsnca  of  the  diode/beat -slab  combination. 
Normally,  the  edge  regions  of  the  dloda  are  cooler 
than  tba  Inner  ones,  further,  since  both  the  satura¬ 
tion  current  end  the  avalanche  multiplication  factor 
are  heavily  dapendent  on  local  Junction  temperature, 
the  resulting  current  density  profile  would  invariably 
be  nonunlforn. 

Undar  normal  operating  conditions,  tha  negative 
temperature  coefficient  of  the  avalanche  multiplication 
process  would  dominate  the  positive  temperature  coeffi¬ 
cient  of  the  saturation  current.  Consequently,  the 
cooler  regions  of  tha  dloda  would  carry  more  current 
then  the  warmer  parts.  This  overall  negatlva  tempera¬ 
ture  coefficient  of  the  current  density  stabilizes 
the  diode  against  the  thermal  runaway.  That  Is, 

any  local  lncreaaa  la  temps  ra  turn  would  causa  tha 

currant  and  banco  the  power  dissipation  to  drop  at 
that  point,  bringing  the  temperature  downward. 

However,  with  the  changes  In  input  power,  this 

stabilization  of  current  distribution  within  the 
diode  will  be  upset  by  either  one  of  the  following 

situational 

(I)  The  temperature  build-up  la  the  warmer 

( inner)  parts  of  the  diode  allowing  the 

saturation  current  to  dictate  the  local 
current  flow  aod  power  dissipation,  end 

(II)  large  current  densities  In  the  cooler  (outer) 

parte  of  tha  dloda  nay  Indues  a  current - 

cont rolled  bulk  negative  resistance7"*0 
vie  space-charge  effaces  associated  with 
the  generated  carriers. 

Both  of  these  perturbation  phenomena  vould  ulti¬ 
mately  lead  the  diodes  to  catastrophic  failures. 
Changes  in  Input  power  causing  the  aforesaid  perturba¬ 
tion^)  nay  arise  from  external  itlnjll,  such  ea 

electromagnetic  pulsing  (EM?),  electrostatic  discharge* 
(ESD),  ate.,  or  from  clrcult-asaoclaced  instabilities 
provoked  by  bias-voltage  fluctuations  snd/or  by  "detun¬ 
ing"  effects?  related  to  K7  impedance  loading. 

In  general,  perturbations  responsible  for  electri¬ 
cal  overscresslng  vould  be  transient  In  nature. 

Therefore,  the  relevant  failure  mechanisms  would 
be  studied  by  temporal  and  spatial  electrothermal 
modeling  of  the  dlode/heat-i ink  combination  and  the 
criteria  for  failure  should  be  established  vie  thermal 
runaway /heat- flow  formulations  (Vunech-Bell** 

approach). 

Considering  the  destabilization  of  current  distri¬ 
bution  due  to  tamparature  build  up  In  tha  varmar/core 
regions  of  tha  dloda,  Olson?  developed  an  oee-dlnee- 
elonal  nodal  which  computes  tha  d.c.  J-V  characteris¬ 
tics  of  Schettky- barrier  IMFATT  diodes  for  a  pacified 
heat-sink  tharmal  resistance.  Tba  character la tics 
displayed  regions  of  Initial  lncreaaa  and  latar 
da  erases  in  positive  differential  re  eta  tense  (PM) 
followed  by  a  region  ef  evrreet-con trolled  negative 
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differencial  reeletenee  (HD*).  Oleon  eeeocleced 
the  formation  of  high  current  denelcy  filaments  with 
Che  presence  of  not  only  Che  HDE,  but  aleo  with  that 
of  the  decreasing  PDK.  Indeed,  experimental  aspects 
of  his  study  did  Indicate  device  failures  for  operating 
conditions  of  decreasing  PDR.  To  explain  such  failures 
Olson^  resorted  to  and  axcended  che  "phenomenological* 
arguaient  of  Ste^  regarding  the  formation  of  a  high- 
current  filament  even  before  the  resistance  of  a 
diode  going  oagaclve.  According  to  Olson,  the  argument 
as  applied  to  an  I HP ATT  diode  would  go  as  follows i 
suppose  Che  diode  currenc  la  uniform  and  the  diode 
resistance  It  positive  but  la  dropping  with  increasing 
diode  voltage  (and  electric  field).  Mow,  suppose 
that  the  eleccrle  field  le  also  momentarily  perturbed 
upward  at  soma  locale  In  the  diode.  This  would  cause 
the  resistance  at  that  point  to  drop  and  more  current 
to  flow  through  Chat  point.  By  virtue  of  current 
continuity,  the  low-resistance  high-current  region 
will  grow  Into  a  complete  filament  along  the  direction 
of  current  flow. 

This  argument  of  Olson^  Is  not  justifiable  because 
a  local  Increase  In  the  field  incenslcy  would  enhance 
Che  current  flow  sc  that  polnc  as  long  as  Che  IMP  ATT 
operates  In  the  PDX  region,  no  matter  whether  PDl 
decreases  or  not.  That  la,  .  local  changes  In  the 
field  cannot  be  applied  selectively  to  the  decreasing 
PDR  region  alone  In  order  to  explain  the  observed 
failures.  Moreover,  Olson' a  nodel^,  vhlch  la  one- 
dlmcnalonal,  bears  an  lnherenc  assumption  of  uniform 
radial  current  and  temperature  distributions. 
Therefore  it  does  not  form  a  natural  basis  to  explain 
Che  two-dimensional  current  fllamentation  extending 
In  the  radial  and  longitudinal  directions. 

Bence,  In  the  present  Investigations  a  compre¬ 
hensive  two-dimensional  (numerical)  modal  to  describe 
the  local  current  density  variations  with  changes 
in  lnpuc  power  Is  developed  which  Is  devoid  of  the 
Inconsistencies  present  In  Che  Oleon' s  phenomenological 
approach. 3.12 

numerical  Model 

In  the  proposed  model,  the  d.c.  I-V  character¬ 
istics  of  a  Schotcky-barrlcr  IMP ATT  diode  Is  evaluated 
via  algorithmic  description  of  the  variations  (spatial) 
In  the  current  density  as  functions  of  Input  power. 
Numerical  computation  of  che  local  currenc  density 
la  done  using  expressions  relevant  to  thermionic 
emission  current  and  avalanche  multiplication  factor, 
M. 

The  specific  geometries  of  the  diode  considered 
here  are  Illustrated  In  Figures  (la)  and  (lb).  They 
represent  cylindrical  and  annular  ring  mesa^  struc¬ 
tures,  respectively.  Further,  the  heat-sinks  la 
Flgursa  (la)  and  (lb)  are  taken  to  be  sufficiently 
large  so  that  constriction  effects  are  Ignored. 
For  a  d.c.  voltage  applied  co  the  diode,  the  resulting 
current  and  temperature  profiles  are  determined  as 
detailed  below. 
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Considering  the  diode  structure  depicted  In 
figure  (la),  a  uniform  power  density  (P)  profile 
Is  initially  assumed  over  the  diode  cross-section. 
When  a  disk-shaped  region  (cylindrical  diode)  Is 
placed  over  an  Infinitely  large  heat-alnk  and  dissipat¬ 
ing  power  uniformly  across  Its  cross-section.  Laplace 
equaclon,  for  the  spatial  temperature  distribution 
has  a  closed  form  solution  for  the  region  x  1 
0.  In  the  x  •  0  plane,  this  solution  Is  given 

,  .  *  * 

T(r,0)  -  P - E(m)  +  T  ,  OlrSRi  (1) 

4  * 


E  2  u 

T(r,0)  -  P - m”  • 

kH» 

[E(-)-  (—  )K(->]  T  ,  riR.  (2) 

■  I  ■  A 

where  ka  Is  the  thermal  conductivity  of  the  heatsink, 
T*  1»  f*»e  ambient  temperature,  m  -  (r/R)1  and  I(m) 
and  E(m)  are  complete  elliptic  Integrals  of  the 
first  and  second  kind,  respectively.  The  resulting 
temperature  profile  presents  a  maximum  at  the  center 
of  the  disk  and  decreases  with,  r  (Figure  2a). 
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The  temperature  prof 11*  computed  via  aquation* 
(1)  and  (2)  ean  be  uaad  to  dataralaa  tha  currant 
and  power  dlatrlbutlena,  danotad  respectively  aa 
J(r)  and  P(r),  by  an  ltaratlva  procadura  aa  outllnad 
by  Olson3,  but  aodlfiad  to  lncluda  tha  radial 
dapandancy  of  tha  temperature  and  currant  danaltlaa. 
Tha  analytical  ralatlooa  uaad  in  tha  ltaratlva 
computational  procadura  ara  aa  follows, 

(1)  Tha  aaturatloo  currant  danalty  J,(r)  varaua 
pack  alactric  flald  lntanalty,  (a(r) 
at  a  taaparatura  T(r)i 


J,(r>  *  »«  t3(r)axp  ( 


-<♦«-  /(q(,(r)/*«t 


T(r) 


(I) 


vhara  »”  la  tha  Richardson  constant ,  k  la  tha 
loltzaann  Constant,  dp  la  tha  Schottky-barrlar  height, 
q  1*  the  alactronlc  charge  and  c  la  tha  permittivity 
of  tha  device-medium. 

(11)  Avalanche  aultlpllcatlon  factor' 

M(r)  •  J(r)/J,(r)  (*) 

vhara  J(r)  la  tha  loaal  currant  density. 


(Ill)  Avalanche  Multiplication  factor  versus 
Impact  Ionisation  coefficient,  a(r)i 


'W(r) 


n(r)  dr 


(5) 


i- 1  .  r 

H(r)  Jq 

vhara  n(r)  *  a(r)  axp  J - fb(r )/C— ( r ) J • 


Further,  a(r)  and  b(r)  ara  taaparatura  dependant 
Ionisation  constants13  and  V(r)  la  tha  local  extension 
of  depletion  region.  It  la  related  to  (a(r) 
and  carrier  apace  change  affects  via  Cauas  lav  aa 
given  be  low  t 


W(r)  -  lB(r)/lql»o-J(r)/v<(r)l 


(t) 


where  Mg  1*  the  doping  level  and  V^(v)  la  the  local 
electron  drift  velocity. 


(lv)  Lastly,  the  local  current  density  can  be 
expressed  via  space  charge  resistance  concept 
as  follows. 


c(.J(r) 

J(r)  •  (qHo* -  J  vj(r) 

2V 

where  V  is  che  applied  diode  voltage, 
hence,  the  power  density  P(r)  la  given  by 
P(r)  -  J(r)  x  » 


(7) 


<8) 


A  typical  power  density  variation  with  respect  to 
r  Is  shown  in  Figure  2b.  In  tha  computational  proce¬ 
dure,  this  nonunifora  profile  of  Mr)  Is  approximated 
by  tha  superposition  of  a  series  of  constant  povar 
density  profile*.  Corresponding  to  PatB  In  Figure 
2b,  tha  temperature  profile  Is  obtained  via  aquations 
(1  and  2).  And  tha  affect  of  each  incremental  (uni¬ 
form)  power  danaltlaa  AF  is  determined  by  superposing 
tha  taaparatura  distribution  due  to  a  dissipation 
AF  over  a  disk  radlaa  I  aad  tha  one  which  would 


result  from  a  fictitious  dissipation  of  -AF 
over  a  disk  rsdlua  of  a,  again  by  using  aquations 
(1  and  2).  Ones  tha  new  taaparatura  T(r)  la  obtained, 
tha  procadura  Is  Iterated  till  tha  taaparatura  profiles 
at  two  consecutive  iterations  do  not  differ  from 
each  other  by  more  than  a  permissible  error.  hence, 
from  tha  final  solution  for  J(r),  tha  diode  currant 
la  calculated  by  Integrating  tha  currant  density 
profile  over  tha  diode  area. 


Annular-lint  Mae*  Plod* 

Tha  treatment  of  annular  ring  dlodas  (Figure  lb) 
Is  similar  to  that  of  tha  cylindrical  dloda.  That 
la,  initially  a  uniform  povar  density  dissipation 
(F)  la  prasutMd  ovar  a  dlak  of  radius  %j  which  1* 
superimposed  with  a  uniform  power  density  (-F)  "dissi¬ 
pated"  ovar  a  disk  radlua  of  (Figure  lb).  Tha 
resulting  temperature  profile  la  schematically  shown 
in  Figure  3a 


KIM  lDfEXAlURE  MFUATK1 
OF  1>C  »CAT  SMC 
(AfMJLAJt  RM6  WEE) 


The  maximum  temperature  occura  within  tha  dloda  at 
a  point  relatively  close  to  the  Inner  edge  of  the 
annular  ring.  Figure  3b  depicts  tha  povar  density 
profile  associated  with  such  a  temperature  distribu¬ 
tion.  Tha  dlscrata  approximation  of  tha  power  density 
profile  by  superpoeing  quantised,  conatant-denslty 
levels  (AF)  required  for  Iterative  computation, 
is  also  illustrated  In  Figure  3b. 


FIS.  Jttl  (WE*  OENSm  VERSUS  RAOUS 
lAJOSJLAR  TONS  OBOE) 


Pulsed  Operation 


Under  pulsed  conditions,  the  temperature  and 
currant  density  profile*  ara  computed  as  follows, 
A*  IMPATT*  operate  at  large  duty  cycles  (above  101) 
and  as  tha  dioda/hcat-alnk  thermal  time-constant 
Is  much  larger  than  tha  pulse-duration,  tha  temperature 
at  a  given  po,lnt  Is  estimated  by  superpoeing  *  tissa 
average  value  Tlr)  with  a  transient  increment  AT(r,r)  “ 
2P(r,t)/st/kg/s ,  where  a  Is  the  diede/baat-slnk  thermal 
dlffmsivlty  and  P(r,t)  is  the  Instantaneous  local 
power  density.  This  tiue-dspsndsat  t superstar*  dlatrl- 
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bvtlea  li  than  uo.d  to  coapueo  th«  ln«eoncan«ous 
curr.nc-donolcy  profllo  In  chn  im  unmr  o*  tn 
the  CV  opnrptlon. 


gooaltn  gad  Bln 


Tat  turn  jjnehnninan 


To  tnnlyco  chn  anchanlaa(a)  of  failure,  chrnn 
varalon*  of  diode  ncniccurna,  naaoly  alogle  anan, 
quad-ataa^  and  annular-ring  a«aa“  aountnd  on  eoppar 
or  dlaaond  hnac-alnk  am  conaldarad  for  rnlnvanc 
coaputar  alaulacloa.  All  Chn  acruecurna  am  aaauand 
Co  hava  aa  nffacclvn  croaa-ancclonal  araa  A  nqual 
Co  S.i  i  10**ea*.  Tbn  annular  ring  aaaa  acraccura 
with  oucar-co-lnnar  radlua  raclo  of  tj/Ri,  haa  Cha 
aaaa  clrcuafaranca  aa  Cha  quad-aaaa  dloda.  Tha 
aaalconduccor  la  aaauaad  Co  ba  dopad  n-CaAa  with 
a  doping  laval  of  Kg  equal  Co  10*1*  ca'l .  Tor  Cha 
o-CaAa-co-rafraccory  aacal  (Pc,  Vo  ace.)  concaec 
Cha  Schocckjr-barrlar  height  Og  la  typically 
O.Sav  which  la  uaad  lo  tha  coaputaclona. 


Tha  coaputad  d.c.  J-V  charactarlalclca  of  caat 
dlodaa  (aountnd  on  Cu  heac-alnka)  are  prcaanetd  In 
flgurca  Aa-6a.  Thcaa  llluacraclona  dlaplay  tha  average 
currant  danalty  J  •  I/A,  tha  currant  danalty  ac  tha 
corn  of  the  cylindrical  dlodaa  (Jc)  and  cha  adgn 
curranc  danalty,  Jg,  aa  funcclona  of  tha  applied 
dloda  volcaga,  V.  Tor  Cha  annular  atruccuraa,  cha 
outer  and  Inner  cutTenc  deoalclaa  are  danocad  aa 
Jgl  and  Jgj.  raapacctwaly.  Tha  curranc  danalty  ac 
Cha  hocceac  aona  of  tha  annular  dloda  la  depleted 
aa  J_.  In  tha  coaputatlona ,  cha  charnel  raalatanca 
aeeoclaced  wlcb  the  contacta  and  placing  aacalllc 
layara  la  Ignored. 
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Flgurca  illustrate  the  redial  variation 

of  the  current  density  end  the  tsmpereturs  et  the 
dlode/hest-slnk  Interface,  for  maximum  approximate 
teaperaturea  of  250*C  end  350*C.  The  corresponding 
d.c.  hlea  condition!  ere  elao  indicated.  In  the 
ceae  of  annular  atruccuraa,  the  temperature  profile 
elong  the  entire  heat*sink  aurfaca  la  ahown  on  appro* 
prlate  diagrams. 
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•tac  rot  ration.  At  thaaa  temperatures , 
.  currant  (low  dua  to  thermally  generated 
n  tha  depletion  layer  la  aevaral  hundred* 
mca,  tha  corresponding  lncraaaa  la  tha 
:loa  would  naturally  raault  la  a  charm*  1 


o|  tha  I MP ATT*  which  arc  fabricated 
thermal  designs,  the  (allure  aechaolaa 
ally  Initiated.  Thaaa  dlodaa  have  a 

•crying  capability  aa  ahown  on  Figures  ta 
example,  tha  diode  la  figure  7  haa  a 
link,  and  if  lta  blaa  currant  la  kept 
k  level,  the  computed  maximum  function 
a  laaa  than-  )50*C.  Alao,  tha  currant 
■a  wermcat  part  of  tha  diode  doas  not 
rearing  rot.  All  thaaa  condition*  are 
aafa  operation  of  the  diode.  However, 
la  blaa  currant  la  axcaaa  of  tha  peak 
■  atrophic  i  and  In  aa  attempt  to  allow 
currant  flow,  tha  diode  voltage  and 
ar  dlaalpatlon  would  reach  unacceptable 
ha  edge  region*  auffarlng  to  a  maximum 
ch  a*  they  carry  tha  largaat  currant 
itually,  tha  diode  would  burnout  before 
bla  operating  point.  Hence,  for  reliable 
a  blaa  current  ahould  be  limited  to 
the  peak  level,  by  a  margin  of  eafety. 


r  of  Varloua  Diode  Deslgnai  A  Comparlaon 


a  better  heafalnk  ta  general  haa 
Ik,  17  t0  be  tha  moat  Important  aepact 
he  power  handling  capability  of  IMPATTa. 
po*a,  diamond  haat-alnk*  ar*  normally 


r  heat-slnke  (aa  wall  aa  with  diamond), 
•mall  area  diode*  or  realizing  annular 
alao  would  provide  Improved  performance 
the  praaant  analyala. 


praaanta  the  relative  power  handling 
f  the  beat  dlodaa  atudlad  la  the  praaant 
It  rafar*  to  CV  operation  with  aafa 
Clou  temperature  of  250*C.  The  reeulta 
>nd  heat-sink  Improve*  the  power  handling 
a  factor  of  2.5  over  copper i  and  annular 
■  a  ahow  an  Improvement  of  about  25X 
-not*  device*  while  retaining  comparable 
.formlty  In  current  distribution  which 
le  factor  concerning  the  efficiency, 
lg  aeneltivlty  of  IKPATT  diode*. 


•  Under  ful*ed  Operation; 


Ey  cycle  of  101  and  peak  power  levels 
as  those  resulting  In  a  maximum  junction 
if  250*C  under  CV  operation,  the 
•  how  that  the  IMP  ATT*  are  relatively 
tance,  the  core  temperature  of  quad-mesa 
eond  heat-sink  Is  only  A5*C  when  they 
peak  pover  level  of  klO  V.  Hovever, 
lode  temperature  being  very  low,  the 
Ion  becomes  intense  resulting  in  current 
large  as  5800  A/cm^  In  the  cooler, 
glons.  Such  high  current  denticles 

lode  failure  by  forcing  It  to  operate 
region  with  the  current  distribution 

■ble  across  tha  dloda.  The  current 

will  b*  the  highest  at  the  locales 
irrent  density.  It  naans  that  under 

s,  tha  catastrophic  high  density  sheath 
IS  maaa  adg*  la  rather  inevitable. 
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a 
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T«bl«  1*  Comparison  of  tht  Power  Handling  Capabilities  of  Different  CaAa  Schottky-barriar 
IMP ATT  diodes  (Maximum  function  Temperature  ■  250*C) 

CV  Operation 


No. 

Design  Type 

Dloda  Voltaga 

I.C. 

Input  Power* 

Balatlva  Power 

and 

Currant 

Handling  Capacity 

1 

flngle-aaesa  on  Cu  Meat -Sink 

V 

90. 70  V 

p 

■ 

42.3  U 

1.00 

I 

0.466  A 

2 

Quad-mass*7  on  Cu  laat-aink 

V 

103  V 

p 

■ 

86.9  U 

2.06 

I 

0.844  A 

3 

Annular-ring  aesa*7  on  Cu  Boat-sink 

V 

108. B  V 

f 

■ 

116.5  U 

2.76 

E2/Ej  -  100  ua/167  pa  •  1.67 

I 

1.071  A 

4 

Siogla-aaaa  on  Dlaaond  Baat-aink 

V 

105.8  V 

p 

• 

104  U 

2.46 

1 

0.983  A 

J 

Quad-acaa*7  on  Diamond  Baat-alnk 

V 

130  V 

p 

■ 

201.8  U 

4.77 

X 

1.352  A 

6 

Annular-ring  mesa*7  on  Diamond  Baat-alnk 

V 

151  V 

p 

■ 

285.8  U 

6.76 

«2/ti  -  1.67 

1 

1.893  A 

7 

Annular-ring  aess*7  on  Dlaaond  Baat-alnk 

V 

142  V 

p 

m 

239.5  U 

5.67 

E2/E}  •  142.6  va/50  pa  •  2.85 

X 

1.687  A 

•Thermal  resistance  due  to  contact  and  plating  metallic  layers  at  the  hcat-slnk/diode  Interface  Is  neglected. 
Typically,  this  additional  resistance  may  bring  down  power  handling  by  30X. 


Conclusions 

1.  A  tvo-dlmenslonal  current  distribution  modeling 
Is  necessary  for  the  realistic  analysis  of  the 
power  handling  capabilities  of  IKPATTs. 

2.  Diodes  with  distinct  thermal  designs  hare  differ¬ 
ent  I-T  characteristics. 

3.  Poor  thermal  designs  exhibit  a  decreasing  PDI 
region  followed  by  a  current  controlled  NDft 
vl_h  current  f 1 lamentation  at  the  hot-spot  as 
the  probable  failure  mechanism. 

4.  Diodes  with  better  thermal  design  show  a  distinct 
smnua  bias  current  capability.  Forcing  the 
bias  current  above  this  level  would  push  the 
IMP ATT  into  a  voltage-controlled  HDR  and  the 
resulting  failure  will  be  due  to  excessive  diode 
voltage  among  the  test  diodes  considered. 

5.  Annular-ring  IKPATTs  Indicate  relatively  superior 
performance  characteristics . 

4.  High  temperature  conditions  may  also  provoke 
diode  failures,  due  to  excessive  generation 
of  Intrinsic  carriers. 

?.  Under  pulsed  operation,  1MPATT  reliability  Is 
jeopardised  oot  by  a  high  Junction  temperature, 
but  rather  by  an  excessive  current  flow  causing 
a  hlgh-denslty  current  sheath  at  the  mesa 
periphery. 

*•  Onllk*  staple  PH  Junction  died..,  WATT,  warrant 
«  comprehensive  numerical  modeling  to  aaa.aa 
th»  Uunach-t.il  Halt  o(  cataacrophy  dua  to 
thermal  naavay. 
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SOMMAJtf 


Microelectronic  devices  and  components  are  aaaen- 
tially  dielectric- baa ad  monolithic  structures  with  soma 
additional  metallisation  parts.  These  integrated  cir¬ 
cuits  are  highly  susceptible  to  woundings  arising  from 
rapping s  due  to  electrical  transients.  Presently, 
electrostatic  discharge (ESD) -based  repetitive  over- 
stressings  which  may  render  the  devices  in  e  state  of 
latent  mode  of  failure  ere  considered. 1  Such  wounded 
or  'rogue'  components  may  still  be  functional  with 
daviatory  characteristics,  and  are  potentially  prone 
to  catastrophic  failures  on  subsequent  stxees-repeti- 
tions.1  The  time-dependant  degrading  performance  of 
wounded  components  is  quantified  vis  static-induced 
electrothermal  effects  in  the  device  structure.  The 
aging  of  the  device  is  specified  in  terms  of  four  pos¬ 
sible  damaging  influences i  namely,  the  elevated  temper¬ 
ature,  intensive  electric  field,  depletory  alectrcmi- 
gration,  and  undue  thermos  lee  tic  stresses.  Based  on 
the  relative  severity  of  these  influences,  e  lethality 
endurance  factor  (L.E.F)  is  defined  to  estimate  the 
failure  tlM.  Enhancement  of  severity  due  to  poised 
waveform  is  also  discussed.  Lastly,  the  latent  failure 
is  regarded  as  tha  belated  response  due  to  slow  endo- 
chronic  growth  of  microfractures  (creeping)  caused  by 
thermoelastic  stresses  arising  from  repetitive 
tappings. 


due  to  the  unpredictable  or  'phantamous'  appearance  of 
menacing  latent  failures.1 


Presently  the  interaction  of  repetitive  electrical 
transients  and  the  device  is  studied  to  assess  the 
extant  of  threat  involved  due  to  latent  failures  by 
formulating  a  quantitative  description  of  the  perfor¬ 
mance  degradation  or  forced  acceleration  of  the  aging 
process. 


ENDOCHFONIC  MODEL 


Latent  failure  occurs  whan  a  device  takes  multiple 
(low-level)  zapa  at  random  (or  regular)  intervals  and 
the  resulting  wounding  remains  dormant  over  an  unspeci¬ 
fied  period  with  the  complete  out-of-spec  condition 
showing  up  at  a  much  later  time.  The  time  dependent 
or  endochronic  performance  degradation  of  the  device 
and  the  belated  failure  can  ba  expressed  by  a  consti¬ 
tutive  law.  In  terms  of  a  generic  function  S(t)  as 
follows i 1 


S(t)  -  axp  [-a/T*  (t)  J . 


ICft)/^) 


-4+b/T*  (t) 


pnucoocnow 


tC(t)/CJ 


-m*c/T*  (t) 


In  the  area  of  microelectronics  there  is  an 
increased  swsreness  to  assess  the  long-term  reliability 
of  semiconductor  devices  which  are  susceptible  to  dam¬ 
ages  due  to  electrothermal  affects  st  the  dielectric 
and  metallization  interiors  of  the  device  arising  from 
electrical  overstresses  caused  by  electrostatic  dia- 
charges/ transients . 1  High- intensity  electrostatic 
xappinqs  normally  provocate  catastrophic  failures  in 
the  device  either  by  burnouts  due  to  high  current  den¬ 
sities  or  by  dielectric  puncturing  (breakdown)  result¬ 
ing  from  high  electric  field  intensities  acrojs  capac¬ 
itive  elements.1  For  example,  high-current  burnouts 
axe  common  at  PN  junctions  and  metallizations,  and 
dielectric  breakdowns  have  been  observed  at  the  thin 
gate-oxj.de  layers  of  MOS  structures.  While  tugh- 
intensity  zaps  would  induce  the  aforesaid  catastrophic 
fajlures,  low-level  transients  may  be  regarded  as  the 
causative  factors  for  tha  so-called  'soft'  or  latent 
type  of  failures  in  which  the  test  devices  exhibit 
endochronic  performance  degradation.  Recurrence  of 
zap*  would  ultimately  lead  the  'wounded'  devices  from 
the  dormant  stage  of  (mal) functionahility  to  tha  out- 
of-spec  or  catastrophic  condition.  Tha  performance 
'degradation  or  forced-aging  doe  to  electrical  over- 
etxeaalog  mot  only  reduce*  the  life  expectancy  of  the 
device  but  aleo  weald  neceaeitate  ooetly  field-repairs 


-n-d/T*  (t) 


(1) 


is  s  time- 


vhere  s,  b,  c,  d  axe  constants  and  T*  (t) 
dependent  temperature  function  given  by  T*(t)  “ 

Here  T.  denotes  the  initial  tempera- 


ri  T(t)/nt)+Ti 


ture  and  T(t)  is  the  hot-spot  temperature  within  the 
device  et  an  observation  time,  t.  Further,  in  Equation 
(1)  depicts  the  initial  value  of  the  generic  parame¬ 
ter  S  and  the  exponential  term  represents  the  thermal  } 
life  of  the  device  as  governed  by  the  Arrhenius  model. 
The  quantities  £,  C,  and  M  are  time-dependent  electri¬ 
cal,  chemical,  and  mechanical  stress  parameters  respec¬ 
tively  and  the  initial  values  of  C,  C,  and  M  are 

and  M.  (respectively)  ,  below  which  the  correspond" 


i* 

ing  processes  of  aging  are  insignificant, 
containing  £ ,  C ,  and  K  in  Equation  (1)  f o llca,  the  ^ 
invars*  power  law  depicting  endochronic  detariora  __ 
and  the  quantities  l,  >,  and  n  denote  respactivaly 
electrical,  chemical,  and  mechanical  endurance  coel 
ciants  char  set*  rising  r*sp*ctiv»  aging  proc****** 
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Equation  (1)  assantially  dapicta  lour  major 
failure-inducing  mechanisms.  The  domination  of  one 
particular  proceea  would  depend  on  the  strength  of  the 
excitation  source  (namely  the  E SO)  and  the  infra¬ 
structure  of  the  devica.  For  example ,  intense 
transients  can  Belt  the  PN  junctions  and/or  metalliza¬ 
tions!  the  resulting  damage  can  therefore  be  regarded 
priaarily  as  thermal.  Likewise,  dielectric-breakdowns 
at  the  gate-oxides  of  MOS  structures  are  failures  due 
to  high  electrical  field  stressing  (C)  .  Further,  elec- 
tr emigration  of  aetals  at  vulnerable  zonea,  inducing 
localized  pittings  and  voids,  is  a  thennochemical/dif- 
fus ion-based  failure  governed  by  the  factor  C.  Mechan¬ 
ical  damage  characterized  by  the  quantity  M  would  often 
result  from  thermoelastic  stresses  which  may  develop  in 
the  composite-device  structure  due  to  thermal  gradients 
and  other  thermodynamical  inhomogeneties .  * 

Both  the  current- induced  burnouts  (melting)  and 
voltage- induced  dielectric  breakdowns  are,  in  general, 
catastrophic  in  nature,  and  therefore  the  relevant 
causative  parameters  are  considered  to  be  of  the  high¬ 
est  severity.  With  low  level  zaps,  however,  the  degra¬ 
dation  (say  due  to  electromigration  or  thermoelectric 
straining)  would  be  relatively  less  severe  and  the 
failure  would  take  latent  mode  based  on  the  cumulative 
growth  of  electr emigration  and/or  thermoelastic  micro¬ 
fracturing.  Hence,  representing  the  net  failure  pro¬ 
cess  of  Equation  (1)  by  a  monotonic  decay  function  such 


S(t)  -  exp(-Kot)  (2) 

(where  Kq  is  the  decay-rate  constant) ,  it  is  possible 

to  specify  the  endurance  of  the  device  to  lethality  for 
different  severity  conditions,  as  follows i 


Lethality  Endurance  Factor  «  --- 
(L.E.F)  S(t) 


Actual  Process 

Catastrohic 

Process 


Ranee,  for  a  catastrophic  failure  (either  current  in¬ 
duced  or  voltage  induced) ,  the  severity  actor  (S.F)  is 
taken  as  1  and  the  corresponding  L.E.F  is  equal  to  1. 
However,  for  less  severe  dosages  (S.F<1),  the  corres¬ 
ponding  value  of  L.E.F  can  be  written  as. 


Kl  [C(t)/C.  ] 


-m+c/T*  (t) 


K,  (M(t)/M1) 


I  Catastrophic  Process 
-n+d/T* (t) 


I  Catastrophic  Process  (4) 

depending  on  the  mechanism  involved  being  electromigra¬ 
tion  or  thermoelastic  creeping,  and  Kj  and  Kj  are  con¬ 
stants  of  proportionality .  The  value  of  L.E.F  in 
Equation  (4)  would  be  greater  than  1,  depicting  the 
higher  endurance  by  the  device  to  zaps  of  lower  inten¬ 
sity  or  severity.  It  can  be  shown  that  L.E.F  is  also 
identically  equal  to  the  ratio  of  failure  times  of  the 
actual  and  catastrophic  phenomena.  That  is, 

.  _  _  _  1 VI  Actual  Procsss 
(t  )l 

d  | catastrophic  Procsss  (5) 

where  is  the  time- to- failure. 

Explicit  determination  of  L.E.F  and  B.F  can  ba 
dons  by  considering  the  characteristics  of  tha  BSD 
source  and  tha  static  discharge  path  as  described 
in  the  following  section: 


DETERMINATION  OF  L.E.F  t  S.F:  ESP  HOnn.s 

The  ESD  phenomena  normally  encountered  can  be 
simulated  by  three  well-established  models;  namely, * 
(i)  human-body  model,  (ii)  charged-device  sodel,  and 
(lii)  field-induced  model.  The  human-body  model 
1)  depicts  the  transfer  of  static  from  a  charged  indi¬ 
vidual  to  ground  via  the  test  device.  Charged-device 
model  represents  the  bleed-off  of  accumulated  charge 
upon  the  device-surface  to  ground  through  the  pin  and 
conductive  parts  of  the  active  device  (Fig.  2).  The 
third  model  simulates  the  effect  of  the  charge  distri¬ 
bution  and  discharge,  when  e  device  it  exposed  to  e 
static-electric  field  (Fig.  3). 
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is  given  by 


Iht  severity  of  sopping  in  esch  model  is  deter¬ 
mined  by  the  source  voltege  (V^)  end  the  loed  condi¬ 
tions  of  the  discharge  psth.  The  corresponding 
lethslity  can  be  sssessed  by  coeputing  the  overage 
junction  dissipation  per  unit  area  (if  the  lethality 
is  current-based)  given  by, 


■t  r-s 


(tl/R^dt 


where  X  is  the  junction  area.  Further,  a  complete  or 
catastrophic  failure  would  occur  when  the  junction 
melts  and  the  corresponding  power  density  >c<t)  can  be 

calculated  froa  the  so-called  Hunsch-Bell  model. '  It 


FIGURE  4  :  LETHALITY  CHARACTERISTICS 
OF  CURRENT-BASED  FAILURE 


Pc(t)  -Jnkpc^  (T.-Ti>t  <7) 

where  k,  p,  and  C  are  respectively  the  thermal  conduc- 
P 

tivity,  density,  and  hart  capacity  of  the  device 
material  with  a  melting  point  equal  to  T  .  Bence,  the 

lethality  endurance  factor  (L .E.P)  is  given  by. 


L.i.r  -  ^  (6) 

where  Tj  is  determined  by  the  equation  P  (t » )  •  P  (T i ) ; 

d  c 

and  Ti  is  the  catastrophic  failure-time  determined  by 
the  Wtsisch-Bell  relation  (applied  to  spherical  hot¬ 
spot) ,  and  is  nearly  equal  to  (A  p  C  /35k). 

P 

For  the  human-body  model  shown  in  Figure  1,  by 
taking  the  severity  factor  (S.F)  as  1  corresponding  to 
“  750V,  the  computed  S.F  versus  L.E.F  is  shown  in 

Figure  4.  For  different  component  values  of  the  simu¬ 
lated  charged-device  circuit  (Fig.  2) ,  the  calculated 
values  of  L.E.F  are  listed  in  Table  1.  These  results 
indicate  the  dependency  of  lethality  on  source  as  wall 
as  loading  conditions. 

The  extent  of  severity  would  also  depend  on  the 
wave-shape  and  rata  of  occurrence  of  the  transients. 
Such  enhanced  severity  can  be  quantified  by  a  risk- 
coefficient  Y  representing  the  overvoltage  affects  of 
recurring  transients.  It  is  given  by: 


..  __  (1+tan1  n* |f (nw)|  2 

T - /  — - -  (9) 

2w*  I  l-Hi2  tan2  6 

where  a  ■  2z/T  and  T  is  the  pulse  repetition  rata  (or 
average  nwber  of  zero-crossings  if  the  occurrence  is 
random) ,  u  is  the  pulsating  component  of  the  transient 
and  r  is  the  Fourier  transform  of  the  exciting  time 
function.  Further,  the  quantity  tan  4  denotes  the  loss- 
tangent  of  the  device-dielectric  at  the  angular  frequen¬ 
cy  of  u.  The  risk-coefficient  Y  in  general  would  be 
larger  in  comparison  to  unity  (depicting  increased 


Table  1:  Calculated  Lethality  for  the  Charged-Device  Model  (Figure  2) 

VA  -  SOOVi  Material :  Si;  A  •  100  jm2 
Li  “  lOnH;  C)  •  3  pP;  Ri  ■  ID 


No. 

Case 

L,  nfl' 

Cl  pF 

(Wunsch-B«ll) 

ns 

(Actual ) 

ns 

L.E.F 

i. 

Horst  Case  A: 

Low  Li 
Low  Ci 

iO 

1 

/ 

\ 

■0.1 

0.003 

2. 

Worst  Case  B: 

Low  Li 
Med  Ct 

10 

1 

0.3 

0.009 

3. 

Expected  Case  Xi 

Mad  Lt 
Low  Ct 

50 

1 

3 

3 

0.5 

0.015 

4. 

Expected  Case  Bi 

Mad  U 
Nad  C| 

50 

10 

1 

».o 

0.273 

S. 

|  High  Inductance 
Discharge  Path: 

Ugh  I* 

Low  Ci 

100 

1 

> 

*.0 

0.1B2 

power  dissipation)  whan  tha  tranaianta  ara  narrow 
(abort-duration)  pul a* a.  Typical  static-discharge 
waveforms  ara  ahown  in  Figure  S.  For  random  racurranca 
of  tranaianta.  tha  Fourier  transform  in  Equation  (9) 
can  ba  obtained  from  the  relevant  autocorrelation 
calculations. 


Whan  a  voltage-based  noncataa trophic  failure  (such 
aa  in  a  MOSFET)  is  considered,  the  performance  degrada¬ 
tion  can  be  aasassed  from  the  enhanced  nonlinearity  of 
the  CV  characteristics.  By  measuring  tha  distortion 
factor  of  the  wounded  device,  it  ia  possible  to  assess 
the  severity  and  tha  lethality  involved.  Figure  6 
illustrates  a  typical  L.E.F  versus  S.F  curve  of  a 
MOSFET,  obtained  by  measuring  tha  3rd  harmonic  distor¬ 
tion  in  tha  transfer  characteristics  of  a  stressed 
device. 


VOLTAGE -BASED  FAILURE 


LATENT  FAILURE 

As  mentioned  before,  when  lass  severe  but  repeat¬ 
ed  stressing  prevails,  slow  material  depletion/ damage 
could  occur  and  it  would  cumulatively  build  up  leading 
to  a  belated  out-of-spec  or  irreversible  damage  con¬ 
dition.  In  such  latent  failures,  tha  material  damage 
Is  often  regarded  aa  doe  to  metal  (Al,  An,  etc.)  migra¬ 
tion  from  crucial  sites  causing  Lina -to- line  short  cir¬ 
cuits  or  Interconnection  ruptures  (open-circuits) . 

Such  elactromigration  is  essentially  a  thermochemical 
process  governed  by  the  factor  C  of  Equation  (1) . 


Presently,  another  possibility  of  microrupture  is 
considered.  That  is,  owing  to  the  existence  of  thermo¬ 
dynamic  inhoaogenities  in  tha  device  structure,  the 
electrothermal  processes  due  to  zappings  can  possibly 
induce  thermoelastic  stresses  within  tha  composite  di¬ 
electric  interiors  of  the  device.  The  corresponding 
straiaa/creeps  can  cumulatively  build  up  (or  propogata) 
by  receiving  repeated  zaps,  ultimately  reaching  an 
active  site,  leading  to  a  failure.  When  an  ESD  sets  up 
a  temperature  gradient  of  &T  at  a  hot-spot  inside  tha 
device,  the  maximum  thermoelaatic  stress  that  would 
develop  is  given  by 


tt(T)E  AT 
1-v 


(10) 


where  a  end  E  are  the  coefficient  of  thermal  expansion 
and  Young's  modulus  of  elasticity  of  the  device  materi¬ 
al  respectively;  and  V  denotes  the  Poisson's  ratio. 

In  Figure  7,  considering  as  the  device  material, 

is  plotted  as  a  function  of  temperature,  T.  Also 

shown  in  Figure  7  is  the  variation  of  fracture  stress 
with  respect  to  the  temperature.7  It  could  be  evinced 
from  Figure  7  that  the  thermoelastic  stress  could  ex¬ 
ceed  the  fracture  strength  of  the  material  even  at  a 
temperature  much  below  the  melting  point  or  the  Wunsch- 
Bell's  limit  of  catas trophy . '  Bence,  at  low  severity 
factors  (for  which  tha  tester ature  elevation  is  well 
below  tha  melting  point),  the  lethality  endurance  is 
possibly  limited  by  cumulative  effects  of  thermoelastic 
rupturing  and  thermal  shocks  due  to  repeated  stressings 
which  would  eventually  lead  to  tha  observed  latent 
failures. 


figure  r :  THERMoemsnc  and  fracture  stress 

VERSUS  TEMPERATURE 


Work  is  in  progress  to  determine  the  average  num¬ 
ber  of  zaps  per  unit  time  required  to  cause  a  latent 
failure.  Dus  would  enable  the  prediction  of  latent- 
failure  time.  Further,  a  systematic  accelerated  aging 
procedure  and  an  algorithm  based  on  the  principle  of 
equivalent  aging  are  being  developed  to  assess  the 
statistics  of  latent  failures,  pertaining  to  microelec¬ 
tronic  devices.  The  aging  would  be  assessed  by  devia- 
toric  leakage  current  and/or  nonlinear  transfer  charac¬ 
teristics  of  the  device. 

CONCLUSIONS 

A  possible  mechanism  of  latent  failure  das  to 
ESDs  in  microelectronic  devices  is  the  time  dependent 
(cumulative)  thermoelaatic  response  of  the  device  med¬ 
ial.  Latent  mode  of  failures  can  be  assessed  vis  tw> 
quantifiable  terms;  namely,  severity  factor  (S.F) 
depicting  the  extent  of  causative  influence  and 


lethality  endurance  factor  (L.E.F)  denoting  the  degree 
of  dalaterioua  effects  observed.  Both  S.F  and  L.E.F 
are  governed  by  the  source  (ESD)  and  load  (discharge 
path,  device)  conditions. 
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SwMfT 

Latest  ISO/EOS  effects  produce  mo  detectable  chantee 
la  device  performance  at  toe  time  of  E5D/EOS  event  (a), 
but  subsequently  produce  duvlacory  device  chartcterls- 
tlcs  durlog  normal  use.  The  causative  factors  and  the 
ttchsaljs(s)  of  EOS-besed  latent  failures  are  subtle  1b 
nature,  lowever,  considering  the  time-dependent  degra- 
datioa  observed  at  lov  or  suhrr  a  tae  trophic  thtaahoUa  of 
static-exposure,  the  latent  failure  tod uct lorn  coo  be 
attributed  to  the  cusulatlve  buildup  ef  strains  doe  to 
tbermoelastlc  streasao  caused  by  repetitive  taps. 
Presently,  the  Interaction  beeveea  repetitive  traoalente 
and  the  device  Is  specified  by  two  quantifiable  terms 
designated  es  severity  factor  (ST)  and  lethality  endur¬ 
ance  factor  (LET).  A  thermodynamical  analysts  la  devel¬ 
oped  co  portray  the  chernoelastic  straining,  tod  the  re¬ 
sulting  endochronlc  response  of  stress-relief  la  studied 
by  a  const lrutlve  modeling  of  the  creep  involved. 

Introduction 

In  the  area  ef  microelectronic*  there  la  an 
increased  awareness  to  aasese  the  loop-term  reliability 
rf  semiconductor  device*  which  are  susceptible  to  dear- 
ages  due  to  electrothermal  effects  at  the  dielectric 
and  aetaUlzatlcm  Interior*  of  the  device  arising  from 
electrical  over-stresses  caused  by  electrostatic  dtn- 
charges/ transient*.  High  intensity  electrostatic  tap¬ 
ping*  normally  provocate  catastrophic  failures  in  the 
device  either  by  burnout*  due  to  high  current  densities 
or  by  dielectric  puncturing  (breakdown)  resulting  fro* 
blah  electric  field  Intensities  across  capacitive 
element*  (Fig.  1).  For  cxiaple,  high— current  burnout* 
are  com  at  Tn  Jwactlon*  sad  metallizations,  end  di¬ 
electric  breakdowns  have  been  observed  at  die  thla  gute- 
oslde  layer*  ef  NOS  structures.  Wills  high- intensity 
taps  sould  induce  the  aforesaid  cacao  trophic  failures, 
lov- level  transients  may  be  regarded  as  the  causative 
factors  for  the  ao-called  ’soft'  er  latent  type  of 
failures  la  which  the  test  devices  exhibit  endochronlc 
performance  degradation.  Recurrence  of  tapa  woold 
ultimately  lead  the  'wounded*  devices  froa  the  dormant 
a  care  of  (mal)fuoccloneblllty  to  the  out-of-apec  or 
catastrophic  condition.  The  performance  degradation  or 
forted-saing  due  to  electrical  overstresaiog  not  only 
reduces  toe  life  expectancy  of  the  device  but  also  would 
necessitate  costiv  f leid-repslrs  due  to  the  unpredict¬ 
able  or  * jnantamous '  appearance  of  menacing  latent 
failures.1 

The  tacenc  mode  of  device  failure  is  expected  to 
arise  from  the  Jc gradation  of  any  generic  property  or 
the  levies  under  repvaced  electTlcal  stressing.  Wien 
the  EOS  Is  not  large  enough  to  cause  a  tocal  *r  cats*- 
tropnlc  tailors.  It  eay  still  be  sufficient  to  wnmd 
the  as  vice  through  elastic  stress  formation.  The  wind¬ 
ed  amrr  mev  remain  dormant  over  so  (unspecified)  per— 
Inc,  but  rmtuilb ,  ef**  it  continue*  to  recslve  repet¬ 
itive  up**  the  damaae  resulting  from  elastic  stTesa 
becomes  —maulatlve  and  turns  the  device  Into  a  rogue 
cosoosnt  wich  high  chances  of  exhibiting  eal functions. 
Present!*,  a  thermodynamical  model  is  developed  co 
depict  the  existence  of  thermoelastic  atresaes/atralas 
arts  ins  trom  EPS-bas-d  electrothermal  processes,  and 
the  Interaction  of  repetitive  transients  virh  the  device 
Is  etmdled  on  senes*  the  extent  ef  threat  Involved  dee 


to  latent  failure  by  formulae lng  a  quantitative  des¬ 
cription  of  the  performance  degradation  or  forced  ac¬ 
celeration  of  the  aging  procasseo  so  governed  by  the 
elastic  creep. 


EPS-induced  Tbermoelastlc  Effect*:  A  Thermo¬ 
dynamical  Formulation 

External  electrical  overstresalngt  would  generate 
best  with  la  the  device  due  to  2*R  loss  end  would  set 
up  s  temperature  gradient  across  the  betergencous  de¬ 
vice  media.  Owing  to  the  discontinuities  (spatial  or 
temporal)  la  the  thermodynamical  variables,  namely, 
mass  density  (p),  specific  beat*  (C^  and  C^),  thermal 

coefficient  sf  expansion  (a)  and  Isothermal  compress¬ 
ibility  (E^J,  or,  due  to  lnhomogeneouo  energy  absorp¬ 
tion  characteristics,  tbermoelastlc  strains  may  be 
Induced  la  the  device  which  may  Initiate  mlcrocracfca. 
Subsequent  cape  would  cause  the  percolation  of  the 
flew*  to  crucial  sites  (in  tbs  active  perts  of  the 
device)  lead Log  to  performance  degradation  and/or  total 
failure. 

Considering  an  arbitrary  hot— apot  (Fig.  2),  the 
system  relations  baaed  on  conservation  of  mesa,  conser¬ 
vation  of  energy,  and  thermodynamical  equations  of 
scats  can  be  written  as  follows:1 


*tP  ♦  p?-»  *  o 

(1*) 

’l  *  *J 

■  0 

(lb) 

"tl  *j  T1 ♦  *1 

tj  -pw 

(le) 

lj  *  [-(C^/oa)  ♦  (l/p1)  Sj  dt£> 

♦  <v»>  <Vij  *IJ  Ud) 

where  the  operator  d^  ta  the  convective  derivative 
equal  to  )/)t  ♦  v.V  where  v  Is  the  bulk  velocity  of 
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Tabla  li  Calculated  Lethality  for  tha  Char  gad -Dev  lea  Nodal  (fig.  4) 
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lethality  endurance  factor  (LEF)  is  given  by, 

UF  -  ^  (12) 

where  T|  la  determined  by  the  equation  P  (tj)  •  P  (Ti); 

d  ■  c 

and  tj  la  the  cataatrophlc  failure- tine  determined  by 
the  Wunsch-Bell  relation  (applied  to  apherlcal  hot¬ 
spot),  and  la  nearly  equal  to  (A  p  C  /35k). 

P 

For  the  human-body  model  ahovn  In  Fig.  3,  by  taking 
the  aeverlty  factor  (SF)  aa  1  corresponding  to  I ^  • 

750V,  the  computed  SF  veraua  LEF  ia  ahovn  In  Fig.  6. 

For  different  component  values  of  the  simulated  charged- 
device  circuit  (Fig.  4),  the  calculated  valuee  of  LEF 
are  listed  In  Table  1.  These  results  Indicate  the  de¬ 
pendency  of  lethality  on  aourca  aa  veil  aa  loading 
conditions. 


I  seventy  facto*  is r >  | 
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When  a  voltage-based  noncacaatrophlc  faltura  (such 
aa  In  a  M0SFET)  la  considered,  the  performance  degrada¬ 
tion  can  be  assessed  from  Che  enhanced  nonlinearity  of 
the  CV  characteristics.  By  measuring  the  distortion 
factor  of  the  wounded  device.  It  la  poaalbla  to  aaacaa 


the  aeverlty  and  the  lethality  Involved.  Fig.  7  Illus¬ 
trates  a  typical  LEF  veraua  SF  curve  of  a  HOSFET,  ob¬ 
tained  by  measuring  the  3rd  harmonic  distortion  In  the 
transfer  characteristics  of  a  atraaaed  device.* 


The  extent  of  severity  would  also  depend  on  the 
wave-shape  and  rate  of  occurrence  of  the  transients. 
Such  enhanced  severity  can  be  quantified  by  a  risk- 
coefficient  y  representing  the  overvoltage  effects  of 
recurring  transients.  It  la  given  by: 

«• 

y  .  0+1™1  Ow*  2  n*lF(«u)l  2  (u 

2»*  u2  i  14m*  ten*  5 

where  w  -  2a/T  and  T  la  the  pulse  repetition  rate  (or 
average  number  of  sero-crosslngs  if  the  occurrence  Is 
random),  u  is  the  pulsating  component  of  the  transient 
end  F  la  the  Fourier  transform  of  the  evcltlng  time 
function.  Further,  the  quantity  tan  6  denotes  the 
loss-tangent  of  the  devlce-dlelectrlc  at  the  angular 
frequency  of  w.  The  rlsk-coel  f lclent  y  In  general 
would  be  larger  In  comparlaon  to  unity  (depleting  in¬ 
creased  power  dissipation)  when  the  transleata  are 
narrow  (ahort-duratlon)  pulses.  Typical  COS  waveforms 
are  shown  In  Fig.  B.  For  random  recurremce  of 


tranalinti,  the  Fourier  transform  in  aquation  (13)  can  b« 
obtained  fro*  the  relevant  autocorrelation  calculations. 


voltaoc  auto  mumt 


Theraoelaatlc  Streaalnt 

Aa  aencloned  before,  when  leas  severe  but  repeated 
stressing  prevails,  alow  material  depletlon/damagc  could 
occur  and  It  would  cumulatively  build  up  leading  to  a 
belated  out-of-epec  or  Irreversible  damage  condition. 

In  such  latent  failures,  the  material  damage  la  often 
regarded  aa  due  to  metal  (Al,  Au,  etc.)  migration7  from 
crucial  sites  causing  llne-to-llne  short  circuits  or 
Interconnection  ruptures  (open-circuits).  Such  electro- 
migration  la  essentially  a  thermochemical  procasa  gov¬ 
erned  by  the  factor  C  of  equation  (5). 


Another  possibility  of  alcrorupture,  as  lndlcstsd 
earlier,  arises  owing  to  the  existence  of  thermodynamic 
lnhomogenltles  in  the  device’ structure.  That  la,  the 
electrothermal  procaaaas  due  to  tappings  cam  possibly 
Induct  thamoelaatlc  straasas  within  the  composite 
dielectric  Interiors  of  the  device  aa  specified  by  the 
thermodynamical  relation  of  aquation  (3).  The  corre¬ 
sponding  straina/creeps  can  cumulatively  build  np  (or 
propogstt)  by  receiving  repeated  taps,  ultimately  reach¬ 
ing  an  active  site,  leading  to  s  failure.  When  an  ESD 
sets  up  a  temperature  gradient  of  AT  at  a  hot-spot  Is¬ 
olde  the  device,  the  maximum  thermoelastic  straaa  that 
would  develop  la  given  by 


c  .  gim^i 

mam  i-v 


(14) 


where  a  and  E  are  the  coefficient  of  thermal  expansion 
and  Toung'a  modulus  of  elasticity  of  the  device  materi¬ 
al  respectively;  and  v  denotes  the  Folasoa's  ratio.  In 
Fig.  9,  considering  elllcoo  and  CaAa  aa  the  device  ma¬ 
terials,  0MX  1*  plotted  as  a  function  of  temparatura, 

T.  Al »o  shown  In  Fig.  9  la  the  variation  of  fracture 
atreaa  with  respect  the  temperature.  It  could  be 
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evinced  from  Fig.  •  that  the  thermoelastic  atreaa  could 
exceed  the  fracture  strength  of  the  material  even  at  a 
temparatura  much  below  the  melting  point  or  the  Vunach- 
•ell’a  limit  of  catastrophy.  Hence,  at  low  severity 
factors  (for  which  the  temperature  elevation  ta  well 
below  the  malting  point),  the  lethality  sodursnee  is 
possibly  limited  by  cumulative  effects  of  therw>*lastlc 
rupturing  and  thermal  shocks  due  to  repeated  at  res* Inga 
which  would  avantually  laad  to  the  observed  lateot 
failures. 


Farcolatlon  of  failure  Front 


Once  a  microflaw  la  Inltlstad,  subsequent  external 
stimuli  would  encourage  a  cumulative  growth  of  the 
deformation  until  a  total  failure  occurs.  Depending  oo 
the  aits  of  Initiation  (nuc last  loo)  of  the  mlcroflaw, 
the  extent  af  functional  characteristics  of  the  device 
been  affected  can  be  decided.  Aa  long  aa  the  Initia¬ 
tion  and  growth  of  flawa  are  in  the  nonactive  region# 
of  the  device,  the  cataetrophlc  failure  may  not  show 
up.  Ferhapa  a  performance  degradation  may  occur.  How¬ 
ever  ,  aa  the  flaw  percolates  and  reaches  a  vulnerable 
aits  or  an  active  tone  In  the  device,  the  device  fail¬ 
ure  will  be  complete  with  am  irreversible  damage. 
Therefore,  until  the  growth  process  culminates  la  a 
catastrophic  or  out -of -spec  condition,  a  dormant  stats 
of  failure  would  prevail.  The  propogatlon  of  a  micro— 
flaw  and  the  creep  rnpture  of  an  electrically  over- 
atresaad  device  can  be  studied  by  the  following  simple 
model .* 


Consider  a  thin  layer  of  the  atreeaed  materials  of 
width  ».  Let  T»  and  T*  be  temperatures  at  the  two  ex¬ 
tremities  of  the  layer  ae  shown  in  Fig.  10,  where  T{> 
T*.  The  teat  matarlal  being  composite  In  nature,  the 
analysis  la  dona  by  dividing  the  layer  Into  N-strlps. 
Due  to  the  temperature  difference,  the  thermoelastic 

•tress  and  strains  at  the  1*°  atrip  can  be  represented 
by  the  quantities  and  t^,  respectively.  If  5^  Is 

the  elongation  of  the  1th  atrip,  then  the  baelc  equa¬ 
tions  of  equilibrium  are: 


2  V  -S  *.  \  «  5  qa  U5> 

1-1  1  i-l  * 

where  AT  is  the  temperature  difference,  ( T j  — T » ) . 
and  3 ^  sre  the  Young's  modulus  snd  coefficient  of  ther¬ 
mal  expansion  of  the  strip  respectively. 

The  strain-displacement  relation  can  be  specified 

as 

Cl  •  /  ».  (16) 

Cogather  with  the  compatibility  condition. 


Further,  the  constitutive  equation*  of  creep  Initiation 
an d  growth  are  given  by* 


(25) 


«1  •  ‘W  ♦  *c 

(U.) 

0 

iejit  •  Cj  <o1/l-,1»  * 

(ttb) 

k 

ddj/dt  •  C,  (Oj/l-^) 

(lie) 

oh.r.  Ci.  Ci,  n  and  k  «r«  HC.rl.l 

O  0 

conatanta  and  la 

the  creep-strain.  The  quantity  q  la  a  damage  parameter 
which  lncreaeea  Iron  taro  in  a  virgin  atate  to  unity  at 
rupture.  For  aoet  of  the  materials  the  value9  of  n  la 

laae  than  S  and  k  la  nearly  equal  to  0.7  n  . 

o  o 

When  a  contlnuoue  body  occupying  a  volume  V  le  acted 
upon  the  aurfaca  by  a  certain  atraaa,  the  conatltutlva 
factor  concerning  steady  creep  behavior  would  be  aono- 
tonic.  That  la,  lncreaaea  la  atraaa  would  cauee  in¬ 
creases  In  the  strain  rate.  For  a  steadily  creeping 
material,  the  growth  law  of  damage  can  be  written  as9 


dc  /dt  -  df^  /dt  (If) 

o 

and 

k  k  k 

dq/dt  -  C,  ♦  °(0)  /  (1-q)  °  •  ^  (o)  /  <l-q)  °  (20) 


where  0^  (o)  •  Ci  f  (a)  and  b  (o)  is  a  scalar  invar l- 

o 

aot  of  the  stress  function,  o. 

Further,  the  specific  rats  of  work  dooe  la  the  creep 
process  or  tha  strain-energy  dissipation  cao  be  written 

as 

c<«>  -  1  4V-  <n> 

Integrating  the  damage  relation  dq/dt  of  equation  (20) 
over  the  volume  of  the  body  (?)  and  combining  with  equa¬ 
tion  (21),  the  following  reeult  la  obtained: 

dc<t)/dt  -  vJJJ^  fa)  «  •  <M> 


The  growth  da wage  aa  decided  by  the  above  relation  would 
culnlnate  at  e  critical  stress  level  of  atatlcally 
adalssabla  value  and  then  the  rupture  will  take  place. 
Initially,  q  ■  0  throughout  the  body;  that  is,  C(0)  "  0. 
At  final  rupture  t  -  Ty,  C  •  Cy  >  0.  Hence  by  inte¬ 
grating  equation  (22)  over  the  tlwe  Interval  (0,  T(J), 
the  upper  bound  on  life-time  la  obealoed  as, 


T„  <  V(l^)  /  l<l*kj\l\C|  *  (0)  dV| 


u 


(23) 


The  steady-state  street  for  the  nultlple  strip 
structure  (fig.  10)  le  given  by9 


o.  -  |  ) /m  °  Q  /I  <N>.  1  -  1,2,3.  .  .  <M) 

1  An 

o 

where 

N  I+l/n 

l  (N)  -  |K*1-1/N| 

0  1-1 


The  correspond Ing  upper  bound  of  normalised  rupture  time 
cao  be  estimated  as: 


vt.  *  w '  <o,o.)k* 

»h«t.  T#  1.  th.  rupture  tta.  of  a  «ln.l.  .trip  und.r 
th«  t.n.ll.  .tr...  a0  pod  o  •  a l  AT;  furih.r, 

in  k  /k  -1  )k  -1 

2^  |(W+1-1)/N|  •  •  -  (2*, 

The  variation  of  aonullzed  creep-failure  time  as  a 
function  of  temperaturo  difference  for  a  typical 
deteriorating  semiconductor  structure  (thin  layer)  la 
shown  In  Fig.  10.  Silicon  and  CaAe  are  taken  as  tha 
test  materials,  and  tha  failure  la  presumed  to  occur 
when  the  creep  reaches  tha  fourth  strip  (that  is,  R  - 
4). 


In  Fig.  10,  a  fast  deterioration  Is  Indicated  for 
large  differential  taaperatures.  That  is,  for  higher 
severity  levels,  there  Le  an  accelerated  damage  perco¬ 
lation  aa  espected.  At  eubcat as trophic  levels  tha 
failure  percolation  la  belated  and  the  failure  involved 
would  be  of  latent  mode. 

Cone lue lone 


1.  A  possible  mechanism  of  latent  failures  In  micro¬ 
electronic  devices  la  the  thermoelastic  stress- 
relief  cracks  Induced  by  repetitive  electrostatic 
dischargee  at  eubc  a  tee  trophic  levels. 

2.  The  thermoelastic  atreaslng  la  mainly  governed  by 
the  thermodynamical  dlacontinultlea  la  tha  material 
variables  and  by  the  lnhomog enelty  of  tha  eource 
function. 

3.  The  cauae-effect  relatione  involved  la  the  ESD/E0S- 
baaed  damages  cam  be  quantified  via  severity  and 
lethality  endurance  factors  (SF  and  L£F).  Tha 
level  of  severity  would  apeclfy  the  catastrophic 
and/or  latent  modes. 

A.  Tha  extant  of  severity  la  also  governed  by  tha  tSD 
source.  That  la,  the  severity  factor  (SF)  and  the 
corresponding  lethality  are  determined  by  charge- 
tranefar/dlacharge  ports la lag  to  human  body  model, 
charge  device  modal,  or  flald-lndnced  model. 

5-  The  emdochronlc  response  (damage)  of  the  device  la 
determined  by  the  characteristics  af  tha  interac¬ 
ting  pulsations,  namely,  repetition  rate,  shape, 
and  tmplltade. 

6.  The  Initiation  and  propagation  of  aicrocracke  and 
flaws  within  the  device  ere  directly  controlled  by 
the  extent  of  thermotlaat lc  stressing. 

7.  The  maximum  themoelast  ic  stress  can  reach  the 
fracture  strength  value  at  differential  tempera¬ 
tures  of  magnitude  well  belov  the  melting  point. 
That  la,  structural  damage  cao  be  anticipated  Jt 
xap-levele  considerably  lover  than  the  Vunsch-5ell 
limit  of  catastrophy. 

8.  For  a  specific  device,  on  the  basis  of  feult- 
laolatlon  data  gathered  vie  alrrographlc  studies  oo 
latent  failed  devices,  the  creep  propagation  can  be 
traced  and  vulnerable  rones  prone  to  thermoelastic 
etratnlng  can  b«  Identified.  In  addition,  data 
collected  from  parametric  measurements  under  accel¬ 
erated  testing  cao  be  used  to  develop  an  algorith¬ 
mic  represeotet ton  of  creep-propagation  and  latent 

t lme-to-fallure  in  term*  of  number  of  cape  per  unit 
time.  Relevant  work  is  In  progress. 
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ABSTRACT 

The  causative  factors  and  nechanlsa(a)  of  latent- 
fallures  In  alcroelectronlc  devices  Induced  by  electri¬ 
cal  overstresalng  are  subtle  In  nature.  However, 
considering  the  age-dependent  perforaancc  degradation 
that  occurs  at  low  thresholds  of  external  electrical 
stressings  (such  ss  electrostatic  dlschargs,  electro- 
asgnetlc  pulsing,  etc.)  which  any  lead  s  device  Into 
out-of-spec  conditions,  the  failure  Induction  can  be 
attributed  to  the  emulative  buildup  of  residual  strains 
within  the  device  resulting  froa  theraoclastlc  stresses 
caused  by  repetitive  zaps.  The  corresponding  theraal 
shock  and  fatigue  can  Initiate  alcroflaws  In  the  device 
structure,  and  therefore  the  latent  node  of  device  fail¬ 
ure  can  be  regarded  as  the  endochronlc  response  of  the 
stress-relief  In  the  device  structure  vhlch  can  be 
analyzed  by  electromagnetics-based  electrotherasl/ther- 
moelastlc  considerations  as  detailed  In  the  present 
Investigations. 

INTRODUCTION 

A  aajor  limitation  that  hangs  over  the  future 
generation  of  alcroelectronlc  devices  Is  the  assurance 
of  a  suitable  degree  of  reliability  arising  froa  physi¬ 
cal  considerations  due  to  ultraminiaturlzatlon.  Under¬ 
standing  the  reliability  attributes  of  aonollthlc 
Integrated  circuits  requires  knowledge  of  both  physical 
and  chealcal  phenomena  that  can  occur  after  a  device  Is 
aanufactured  and  that  can  affect  reliability  [1].  In 
the  course  of  development  of  coaplex,  aonollthlc  device 
structures.  It  has  been  observed  that  noet  failures 
could  be  characterised  as  function  failures  governed  by 
electrical,  theraal,  chealcal,  and  electrical- field 
factors.  The  related  failure  mechanises  expected  to 
plague  the  devices  caa  be  grouped  accord  lag  to  suscep¬ 
tible  physical  locales  as  Indicated  la  Table  1. 

The  failure  aechaalema  can  be  further  classified 
Into  two  categories;  namely,  (1)  persistant  stressing 
due  to  temperature  elevations  caused  by  the  operating 
current  or  due  to  environmental  factors  such  as  humidity 
which  continuously  act  according  to  the  Arrhenius  pro¬ 
cess  law,  and,  (11)  threshold-limited  damage  governed  by 


a  datum  level  of  susceptibility  of  the  device  to  the 
hazardous  Influence. 


1 


16 


qtBWBWWIWU»lWH*WU»l>«UWwlwu,,u,IJ,ir,uw* 


While  the  etreeslngs  above  the  threshold  level 
would  cause  Irreversible  (or  catastrophic)  damages,  it 
la  possible  that  low-level  zaps  can  stimulate  degrada- 
pna  In  the  device  performance  characteristics.  A 
alatlve  growth  of  performance  degradation  would  even- 
lip  lead  the  device  into  out-of-spec  conditions, 
ii*  braod  of  failure  la  better  known  aa  the  latent 
failure.  Such  time-dependent  failures  are  often  caused 
bp  low-level  overstressings  due  to  electrical  transients 
or  electrostatic  discharges. 


a  temperature  gradient  across  the  heterogeneous  device 
media.  The  spatial  and/or  temporal  variables  such  as 
mass  density  (p),  specific  heata  (C^  and  C^),  thermal 

coefficient  of  expansion  (a)  and  Isothermal  compressi¬ 
bility  (kT>  would  induce  thermoelastic  stresses  which 

may  initiate  mlcrocracks.  Subsequent  zaps  would  cause 
the  creep-propogation  and  the  percolation  of  cracks  to 
crucial  sites  (such  as  metallization  interconnections) 
would  cause  performance  degradation  and/or  total  failure 


Presently,  the  endochronlc  performance  degradation 
la  analyzed  as  a  thermoelastlc-based  creeping  of  micro- 
ruptures  arising  from  thermodynamical  lnhomogeneltles 
In  the  composite  device  structure. 

EMD0CHR0N1C  PERFORMANCE  DEGRADATION 

The  time-dependent  performance  degradation  of  a 
microelectronic  device  and  the  belated  failure  can  be 
modeled  bp  a  constitutive  lav  in  terras  of  a  generic 
function  S(t)  given  by  [2J: 

S(t)  -  St  exp  l-a/T*(t) ]  [S(t)/eir1+W™t) 

lC(t)/C1]"m+c/T*(t)  [M<t)/Mirn'W/T*(t)  (1) 

where  a,b,c,d  are  constants  and  T*(t)  la  a  time-depen¬ 
dent  temperature  function  given  by  T*(t)  -  T(t)/ 


(T(t)  -  TJ. 


Here,  denotes  the  Initial  temperature 
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and  T(t)  la  the  hot-spot  temperature  within  the  device 
at  an  observation  time,  t.  Further,  in  equation  (1), 

St  depicts  the  Initial  value  of  the  generic  parameter  S 

e  exponential  Cera  represents  the  thermal  life  of 
|evlce  aa  governed  bp  the  Arrhenius  process.  The 
v>«;*vltles  f,  C,  and  M  are  time-dependent  electrical, 
chemical,  and  mechanical  stress  parameters  respectively; 
and  their  Initial  values  are  tj.  C^,  and  M^  below  vhich 

the  corresponding  processes  of  aging  are  insignificant. 
The  terms  containing  £,  C,  and  M  In  equation  (1)  follow 
the  Inverse  power  law  depleting  endochronic  deteriora¬ 
tions;  and  the  quantities  i,  m,  and  n  denote  the  corre¬ 
sponding  electrical,  mechanical,  and  chemical  endurance 
coefficients  respectively. 

Equation  (1)  essentially  represents  four  major 
failure- Inducing  mechanisms.  The  domination  of  one 
particular  process  would  depend  on  the  extent  of  the 
corresponding  stress  and  the  strength  of  endurance  of 
the  device  infrastructure  (to  that  particular  stress). 
For  example,  Intense  electrical  transients  can  -melt  PN 
Junctions  and/or  metallizations;  the  resulting  damage  Is 
therefore  primarily  thermal  [3).  Likewise,  dielectric 
breakdowns  [A]  at  MOS-gate  structures  are  failures  due 
to  high  electric  field  stressing  (5).  Further,  electro- 
migration  of  metals  (Al,  Au,  etc.)  at  vulnerable  sites 
can  induce  localized  or  extended  plttlngs  and  voids 
(5,6].  This  Is  a  thermochealcal/dlf fusion-based  failure 
iriilch  la  governed  by  the  factor  C.  Mechanical  damage 
characterised  by  the  quantity  M  would  reault  from 
thermoelastic  stresses  which  may  develop  In  the  com¬ 
posite  device  structure  due  to  thermal  gradients  and 
other  thermodynamical  lnhomogeneltles  aa  dlacusaad 
below. 

THERMO  ELASTIC  STRESSES  AND  MICRODEFORMATIONS 

£*teraal  electrical  overetresslngs  would  generate 
h*.*’*- within  the  device  due  to  I*R  loss,  and  would  set  up 


FIGURE  I  '.  STRESSED  DEVICE  ANO  HOT-SPOT  FORMATION 

Considering  an  arbitrary  hot-spot  (Fig.  1),  the 
system  relations  based  on  conservation  of  mass,  conser¬ 
vation  of  energy,  and  thermodynamical  equation  of  state 
can  be  written  as  follows  (7J: 


:  -  0 

(2a) 

J  °u  *  ° 

(2b) 

+  pdt  Ej  -  pw 

(2c) 

dt  Ej  -  {-(Cp/pa)  +  (1/p*)  olj  vt/V.v]  dtp 


+  (Cy/a)  (kT)tJ  dt  0lJ 


(2d) 


where  the  operator  dt  is  the  convective  derivative  equal 

to  3/3t  +  v.V  where  v  is  the  bulk  velocity  of  the 
thermoelastic  vibration.  Further,  Sj  depicts  the  space 

derivative  3/3xj,  and  Ej  is  the  internal  (thermodynamic) 

energy  density  and  V  is  the  power  input  from  the  exter¬ 
nal  stimulus.  The  quantity  represents  the  stress 

tensor. 


A  small  hot-spot  region  (Fig.  1)  can  be  regarded  as 
mechanically  isotropic  and  hence  equations  (2)  can  be 
simplified  to  obtain  linear  equations  for  d£P,  o,  and 

v.  They  ere  given  by  (7] 


(«tP>  -  C*  V*(«tp)  -  [C*  P*/Cp]0  V*W 
;o  -  C*  V*o  -  [pC*o  /  Cp)  «t  M 


v  -  c’V’v  -  -(C*a  /  Cl  VW 
o  o  P 


(5a) 

(3b) 

(3c) 


where  a  refer •  to  the  etresa  at  time  t  In  the  homoge- 
neoua,  laotropic  hot-epot  region,  and  Cg  la  the  thermo- 

the  device  media.  It  ia  equal 

_ _y  ,o-  (The  aufflx  o  denotea  the  equllib- 

rlua  atate  and  6(  refera  to  the  operator  3/3t.) 


elaatlc  wave  velocity  In 
'  to  l(C  /pC  kj’S)  .  (Th 


The  wave  equatlone  given  by  the  relatlona  (3)  can 
be  aolved  with  appropriate  boundary  condltlona  if  the 
hot-apot  diaenalona  are  specified.  Thus,  for  a  filamen¬ 
tary  hot-spot  of  length  L  and  cross-sectional  area  A 
(Fig.  1)  which  may  result  froa  a  pulse  input  due  to  an 
external  stressing  (say,  electrostatic  discharge),  the 
following  solutions  concerning  the  stress  waves  can  be 
obtained  (7): 

“  «("„) 

<*.0  s -  exp  (_J"nt)  (4) 


FIGURE  Z‘.  THERM OCLASnc  AND  FRACTURE  STRESS 
VERSUS  TEMPERATURE 


where  the  indicles  1  and  2  represent  the  regions  inside 
and  outside  the  hot-spot;  n  is  an  odd  integer,  if  tan  ♦ 

•  (pC  )  /(pC  )  <1;  otherwise  it  is  even.  The  coeffl- 

o  *  o  | 

dents  A  and  A  are  given  by, 

oi  nj 

A  -  (-1)  ^127  (paC’/C  L),  [Coe  («  x/C  )) 
nj  l  op  n  oi 

and 

A  -  (-J)  Jiir  (paC’/2C  L)j  tan(2»)  exp[Jco  (x-L)/C  ) 

nj  ^  o  p  n  oj 

(5) 

r'^T'Further,  oi  -  ( (C  )  /2L]  (ns-Jy)  where  y  la  the 
■  ^  n  o  \  o  o 

solution  of  the  equation  coth(y  )  +  (-l)n  cach(y  )  ■ 
tan  *.  ° 

For  each  frequency  component  (i>^  the  corresponding 

stress  amplitude  exhibits  some  resonance  phenomena 
according  to  the  value  of  the  pulse  width.  The  influ¬ 
ence  of  pulse  widths  of  electrical  transients  in  causing 
performance  degradation  has  been  established  via  experi¬ 
mental  studies  [8,9]  and  the  present  analysis  indicates 
the  existence  of  elastic  (resonant)  stress  waves  arising 
from  external  stimuli  which  could  possibly  Induce  micro- 
deformations. 

The  maximum  stress  developed  at  a  vulnerable  site 
due  to  a  temperature  gradient  of  AT  is  given  by 

a  -  a(T)  E  AT  /(1-v)  (6) 

BAX 

where  E  is  the  Young's  modulus  of  elasticity  and  v  is 
the  Poisson's  ratio.  Considering  silicon  as  the  device 

material,  a  is  plotted  In  Fig.  2  aa  a  function  of  T 

max 

along  with  the  variation  of  fracture  strength  with  res¬ 
pect  to  temperature.  It  can  be  seen  from  Fig.  2  that 
the  thermoelastic  stress  can  exceed  the  fracture 
strength  at  a  temperature  well  below  the  melting  point 
(1213*C) ,  indicating  that  even  low-level  saps  can  possi¬ 
bly  initiate  microde format Iona  in  the  device  via 
induction  of  thermoelastic  stresses. 


PERCOLATION  OF  FAILURE-FRONT 

Once  a  microflaw  is  initiated,  subsequent  external 
stimuli  would  encourage  a  cumulative  growth  of  the 
deformation  until  a  total  failure  occurs.  Depending  on 
the  site  of  initiation  of  the  mlcroflaw,  the  extent 
to  which  the  functional  characteristics  of  the  device 
are  affected  can  be  determinedAa  long  as  the  initiation 
and  growth  of  flaws  are  in  the  nonactive  regions  of  the 
device,  the  catastrophic  failure  may  not  show  up.  Per¬ 
haps  a  performance  degradation  may  occur.  However,  as 
the  flaw  percolates  and  reaches  a  vulnerable  site  or  an 
active  tone  of  the  device,  the  device  failure  will  be 
complete  with  an  Irreversible  damage.  Therefore,  until 
the  growth  process  culminates  in  a  catastrophic  or  out- 
of-spec  condition,  a  dormant  state  of  failure  would 
prevail.  The  propagation  of  a  mlcroflaw  and  the  creep 
rupture  of  an  electrically  overstressed  device  can  be 
studied  by  the  following  simple  model: 


FIGURE  S'.  NORMALIZED  CREEP  FRACTURE  TIME 
VS.  MFFERCNTUL  TEMPERATURE 


Consider  a  thin  layer  of  the  stressed  materials  of 
width  B.  Let  Ti  and  Tt  be  temperatures  at  the  two 
extremities  of  the  layer  as  shown  In  Pig,  3,  where 
Tj>Tj .  Ths  test  eeterial  being  composite  in  nature, 
the  analysis  Is  done  by  dividing  the  layer  into  N  strips. 
Due  to  the  temperature  difference,  the  thermoelsetic 

atress  and  atrain  at  the  1*^  atrip  can  ba  represented  by 
the  quantities  o1  and  reapectivaly.  If  ^  ia  the 
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•long* t Ion  of  the  1  (trip,  then  the  beelc  equation!  of 
equilibrium  are: 


Og)  *  2^  'i  \  AT  =  Qa 


where  AT  la  the  temperature  difference,  (Tj-Tj).  S,  and 

a.  era  the  Toung'a  aodulua  and  coefficient  of  thermal 
•  ^ 

expansion  of  the  1  atrip  respectively. 

The  strain-displacement  relation  can  be  specified 


«t  /  ». 


together  vlth  the  compatibility  condition. 


(-1/k  +1)  dt(t)/dt 
o 


\  (o) 


The  growth  damage  aa  decided  by  the  above  relation  would 
culminate  at  a  critical  stress  level  of  statically  ad- 
misaable  value  and  then  the  rupture  will  take  place. 
Initially,  q  -  o  throughout  the  body;  that  la,  ((o)  *  o. 
At  final  rupture,  t  “  Ty,  i  -  Cg  >  0.  Hence  by  Inte¬ 
grating  equation  (13)  over  the  tine  Interval  (0,  t  ), 
the  upper  bound  on  life  time  la  obtained  as, 


T„  <  V(l-^)  /  [(l+ko) 


I-  ^ 


(o)  dV) 


The  ateady-atate  stress  for  the  multiple  atrip 
•tructura  (Fig.  3)  la  given  by  [10] 


0l  -  [(H+l-D/N) 


QA/rn  (N)*  1  "  1*2>3“* 
o 


Further,  the  constitutive  equation*  of  creep  Initiation 
and  growth  are  given  by  (10): 

C1  "  (ai/cl)  +  Cc  U°«) 

n 

d£c/dt  -  Cj  (a1/l-q1)  0  (10b) 

k 

dqt/dt  -  Cj  (ai/l-q1)  °  (10c) 

where  C|,  C*,  n  and  k  are  material  constants  and  c  la 
,  o  o  c 

■AMcreep-atraln.  The  quantity  q  la  a  damage  paramater 
VEh  increases  from  zero  in  e  virgin  stete  to  unity  at 
rupture.  For  moat  of  the  material*  [10],  the  value  of 

n  la  less  than  S  and  k  la  nearly  equal  to  0.7  n  . 

O  o  o 

When  a  continuous  body  occupying  a  volume  V  la 
acted  upon  the  surface  by  a  certain  stress,  the  consti¬ 
tutive  factor  concerning  steady  creep  behavior  would  be 
monotonlc.  That  is,  increases  In  stress  would  cause  In¬ 
creases  in  the  strain  rate.  For  a  steadily  creeping 
material,  the  growth  law  of  damage  can  be  written  as 
(10), 

dec/dt  -  d^  /dt  (11a) 


k  k  k 

dq/dt  -  C,  *  °(0)  /  (1-q)  °  -  (^  (0)  /  (1-q)  °  (lib) 

o 


where  (l^  (o)  -  Ci  $  (a)  and  ♦  (a)  la  a  t.alar  invari- 

o 

ant  of  the  stress  function,  a  [10]. 

Further,  the  specific  rets  of  work  done  In  the 
creep  process  or  the  strain  energy  dissipation  can  be 

written  as 


■  \W\  <i-o>k° 


^tratlng  the  damage  relation  dq/dt  of  equation  (11) 
w«er  the  volume  of  the  body  (V)  and  combining  with  equa¬ 
tion  (12)  the  following  result  la  obtained: 


I  (N)  -XI  [(N+l-i)/N)1+1/no 
“  1-1 

The  corresponding  upper  bound  of  normalized  rupture  time 
can  ha  cat lasted  aa  [11]: 


T„/t  -  F  (k  )  /  (o/o  )  °  (16) 

u  o  U  o  o 

where  Tq  la  the  rupture  time  of  a  single  atrip  under  the 
tensile  stress  og  and  o  -  a E  AT;  further, 

H  k  /k  -l]  k  -1 

F_  (k  )  -  H-  £  [(H+l-D/N]  °  .  (17) 

U  °  1-1 

The  variation  of  normalized  creep-failure  time  as  a 
function  of  temperature  difference  for  a  typical  deteri¬ 
orating  semiconductor  structure  (thin  layer)  la  shown  in 
Fig.  3.  Silicon  and  CaAa  are  taken  as  the  test 
materials,  and  the  failure  Is  presumed  to  occur  when  the 
creep  reaches  the  fourth  strip  (that  Is,  N  -  A). 

Work  Is  In  progress  to  estimate  latent  damage  time 
due  to  creep  propagation  to  vulnerable  sites.  This  Is 
done  by  evaluating  the  severity  of  zaps  and  the  lethali¬ 
ty  of  the  effect.  The  lethality  will  be  measured  in 
terms  of  ths  creep  failure  time  quantified  by  equation 
(16). 

Further,  the  average  number  of  zaps  per  unit  time 
required  to  cause  a  latent  failure  will  be  determined  by 
a  systematic  accelerated  aging  procedure  based  on  an 
algorithm  formulated  on  the  principle  of  equivalent 
aging.  The  aging  of  the  teat  device  will  be  assessed  by 
devlatory  leakage  current  and/or  nonlinear  transfer 
characteristic*  of  tha  device. 

CONCLUSIONS 

A  possible  mechanism  of  latent  failure  due  to  elec¬ 
trical  overstressing  in  microelectronic  devices  is  the 
tlas-dependent  (cumulative)  thermoelastic  response  of 
the  device  medium.  That  Is,  latent  modes  of  fsllure  can 
be  attributed  to  the  creeping  of  mlcroflevs  in  the  ac¬ 
tive  locales  of  the  device  leading  to  devlatory  perfor¬ 
mance  characteristics.  The  thermoelastic  response  of 


the  device  le  governed  by  both  Che  thernodynaaic  lnhomo- 
geneltles  of  the  medium  as  veil  ae  by  the  pulaatlng/ 
t renal cot  nature  of  the  external  aclaull.  The  preaent 
theoretical  analyala  on  creep  percolation  can  auppleaent 
the  (latent  mode)  failure  analyala  baaed  on  alcrographlc 
atudlea  of  failed  devlcea;  hence  the  atatlatlcal  predic¬ 
tion  of  latent  failure  tine  la  poaalble  vith  the  data 
acquired  via  accelerated  teata  and  calculationa  baued  on 
the  equivalent  aging  principle. 
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NOTE 

SUSCEPTIBILITY  OF  ON-CHIP  PROTECTION  CIRCUITS  TO 
LATENT  FAILURES  CAUSED  BY  ELECTROSTATIC  DISCHARGES 

(Received  26  August  1983;  i n  revised  form  2  November  1983) 


INTRODUCTION 

Among  the  LSI  devices,  MOS  circuits  are  highly  sensi¬ 
tive  to  damages  due  to  electrical  overstressings  (EOS) 
arising  from  electrostatic  discharges  (ESD).  Hence, 
several  schemes  have  been  developed  for  LSI  input  pro¬ 
tection  (on-chip)  circuits  [1,21-  However,  it  hu  been 
observed  that,  if  repeated,  and/or  multiple  discharges 
occur,  the  protection  circuits  themselves  would  be  cumu¬ 
latively  stressed,  with  the  result  that  their  protection 
capability  will  be  degraded  progressively  [3].  At  a  par¬ 
ticular  stage,  the  ineffectiveness  of  the  protection  circuit 
will  allow  subsequent  stress  occurrences  (“zaps”)  to  reach 
the  active  MOS  regions  causing  a  total  device  failure. 
Considering  various  component-damages  (“wounding*”) 
observed  at  the  protection  networks,  the  cumulative 
degradation  at  low  or  subcatastrophic  thresholds  of 
static  exposure  can  be  modeled  by  an  appropriate  ag¬ 
ing  process  with  relevant  statistics  as  indicated  in  the 
present  work. 


shown  in  Fig.  1 .  The  times  corresponding  to  some  fixed 
value  of  p  under  two  distinct  stress  levels  are  r,  and  t2 
(Fig.  1)  and  are  known  as  "equivalent  times”  [3].  The 
"equivalent-aging  principle"  [3],  assumes  that 

y"i i  *  VJ/j  *  K\  (Constant)  (1) 

where  n  is  the  endurance  coefficient.  Equation  (1)  can 
also  be  written  in  terms  of  the  average  numbers  of  “zaps" 
(number  of  stress  occurrences)  Z,  and  Z2  assumed  pro¬ 
portional  to  the  periods  and  t2  as 

v;z,  =  V'2Z2  =  K2  (Constant).  (2) 

Thus,  bom  eqn  (1)  or  (2),  for  a  given  value  of  p,  the 
corresponding  value  of  failure-time  (or  average  number 
of  stress  occurrences  during  the  period  of  failure-time) 
can  be  assessed  by  determining  the  values  of  n  and  the 
constant  Kx  or  K2. 


AGING  MODEL 

On-chip  protection  circuits  which  provide  a  low  im¬ 
pedance  path  for  surge  voltages  consist  either  singly  or 
as  a  combination  of  the  following  basic  structures  (3): 
(i)  Polysilicon  or  N  *  (diffused)  resistors;  (ii)  thin  or 
thick  oxide  transistors;  (iii)  field-plate  diodes;  and 
(iv)  punch-through  devices.  Low-level  discharges  at 
these  protection  elements  may  not  cause  the  threshold- 
power  dissipation  required  for  catastrophic  damages 
such  as  junction  burnouts,  oxide  punchthrough  and/or 
metallization  burnouts  (3).  However,  repetitive,  sub- 
catastrophic  occurrences  of  ESD  can  possibly  induce 
stressings  which  may  cause  electrothermal-based 
"woundings"  (or  damage  such  as  electromigration  of 
metals  (1,3],  tbermoelastic  strains  [4],  oxide  pin-hole 
formation  (1-3],  etc.).  Cumulative  buildup  of  damage 
with  the  recurrence  of  stresses  amounts  to  a  dormant 
stage  of  failure  during  which  the  circuit  would  exhibit  a 
performance  degradation.  Ultimately,  the  deviant  per¬ 
formance  would  lead  to  catastrophic  conditions. 

The  time-dependent  degradation  or  aging  can  be 
assessed  by  measuring  the  time  variation  of  a  non¬ 
destructive  property  ( p )  related  to  the  aging  of  the  cir¬ 
cuit.  Suppose  two  time-variation  curves  are  obtained 
corresponding  to  two  distinct  (subcatastrophic)  stress- 
levels.  The  functional  form  of  p  is  assumed  independent 
of  the  stress  magnitude  and  the  two  curves  will  have  the 
same  shape,  but  different  length  (along  the  time  axis)  as 


CASE  STUDY 

For  test  studies,  EPROMS  fabricated  withN-channel, 
silicon-gate  technology  are  considered  and  the  follow¬ 
ing  test  results  due  to  Chase  [6]  are  analyzed:  The  device 
was  stressed  at  different  severity  (stress)  levels 
(V  *  ±  1000  V  and  ±300  V)  by  a  transient  discharge 


TIME  (  I  )  — — 


Fig.  1.  Unspecified  degrading  device  characteristics  (p)  vs 
aging  tune  for  two  distinct  stress  levels  V,  and  V2. 
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Fig.  2.  Input  leakage  ament  u  a  function  number  of  static 
discharges  at  a  sensitive  pin.  Test  results  by  «i mulcting  the  zaps 
via  equivalent  human  body  RC-network  model  [6],  • — • — •, 

V  -  +1000  V;  o—o—o,  V  -  -1000  V;  A— A— A. 

V  -  +300  V  and  X — X — X,  V  -  -300  V  chip  details  are 

given  in  (6]. 

from  an  RC-netwoik  as  shown  in  Fig.  2.  (The  RC- 
network  chosen  simulates  the  ESD  from  a  human-body 
[6].)  Stressing  was  done  at  a  sensitive  pin  and  the 
performance-degradation  was  monitored  by  measuring 
the  input  leakage  current  tfi).  Device  failure  was  as¬ 
sumed  when  /,  exceeded  400  /iA.  The  relevant  results 
are  shown  in  Fig.  2.  The  endurance  coefficient  calcu¬ 
lations  [eqn  (2)]  (based  on  die  criteria  that  the  criti¬ 
cal  leakage  current  (/<)  exceeded  400  fiA),  yields 
n  ■  1.390  and  0.704  for  positive  and  negative  values  of 
V,  respectively.  (Relevant  calculation  uses  data  points 
namely  V,.  V,,  VJt  V4  &  Z„  Zj.  Zj,  Z*  shown  in  Fig.  2.) 


LIFE-TIME  STATISTICS 

The  device  reliability  relevant  to  the  degradation- 
performance  under  repetitive  stressing!  can  be  modeled 
by  assuming  that  degradation  rate  is  proportional  to  the 
existing  degradation  [7].  The  proportionality  constant  is 
a  positively  distributed  random  variable.  Then  the  extent 
of  degradation  would  tend  to  be  asymptotically  log¬ 
normal.  Hence,  the  general  form  of  life  distribution  in 
terms  of  Z  (number  of  stress  occurrences)  is  given  by  [7], 

GiZ.y.)  -  I  -  **]  (3) 

where  ^  is  the  standard  normal  distribution  and  y,  “ 
Ut  ~  /(,).  Further,  ln(yf)  has  die  mean  value  of  /x  and  a 
standard  deviation  equal  to  <r.  From  the  data  pertaining 
to  stress  level  of  + 1000  V  of  Fig.  2,  the  presumed  log¬ 
normal  fit  [eqn  (3)]  is  demonstrated  in  Fig.  3  where  the 
quantity  h,  refers  to  ln(l  - 


CONCLUDING  REMARKS 

The  existing  works  on  protection  network  reliability 
are  invariably  concerned  with  catastrophic  failures 
[3, 8].  The  lack  of  analyses  on  latent  damages  prompted 
the  present  investigations.  The  approach  indicated  here 
provides  an  algorithmic  support  based  on  “equivalent 
aging  principle"  to  analyze  the  test  data  on  latent  fail¬ 
ures.  The  study  reveals  the  applicability  of  lognormal 
distribution  to  the  statistics  of  aging  process  of  the  pro¬ 
tection  circuits. 
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ABSTRACT 

VLSI/ULSI  strategies  applied  to  MOS  devices 
shrink-down  the  active  dlaenslons  to  extreaely 
saall  magnitude*  and  varrent  unique  aodeling  of  the 
device-response  under  electrical  overstresses  (EOS) 
caused  by  external  Influences  like  electrostatic 
discharge  (BSD),  elec troaagne tic  pulsing,  etc.  The 
resulting  adverse  effects  can  aanifest  in  tvo 
failure  aodes,  namely,  the  catastrophic  daaage  and 
endochronic  degradation.  The  iapact  of  scaling- 
dovn  on  device  failures  is  deduced  in  teras  of  BOS 
parameters  and  device-dimensions. 

INTRODUCTION 

A  nev  type  of  contaalnant  that  plagues  the 
modern  microelectronics  Industry  is  the 
triboelectrlc  static  accumulation  and  discharge 

through  semiconductor  devices.1  Especially  among 
all  devices,  the  component  most  sensitive  and 

susceptible  to  damages  arising  from  electrostatic 
discharge  (BSD)  is  the  metal-oxide  semiconductor) 
high  electrostatic  potential  build-up  often  renders 
the  HOSPBTs  to  fail  conpletely  (catastrophic 

daaage)  or  to  show  performance  degradation  as  a 
result  of  deteriorations  in  the  dielectric 
integrity  and  oxide-silicon  Interface  under  BSD 

environments.1 

VI  th  the  scallng-dovn  imposed  by  shrinking 
geometrical  requirements  designed  to  obtain 
improved  device  characteristics  and  increased 
packaging  density,  the  gate-region  of  the  HOSFET 
has  become  even  more  vulnerable  to  ESD-based 

failures  caused  by  tvo  major  geometrical  factors, 
namely,  (a)  scaling  the  gate-oxide  thickness  to 
ultra  thin  dimensions  (about  100A)  results  in  an 
extreaely  high  field  intensity  in  the  dielectric 

3  4 

approaching  the  limits  of  breakdown  conditions  ' 
and  (b)  geometrical  reduction  leading  to  shortened 
channel  length  and  narrowed  channel  vldth  can 
augment  the  possibilities  of  electrical 
overstressing  due  to  external  transients. 

Thus  the  net  effect  of  shrunk  geoaetry  vould  be 
to  enhance  the  susceptibility  of  the  device  to  ESD- 
based  failures  vlth  tvo  possibilities!  The  first 
one  vould  refer  to  irreversible  (catastrophic) 
gate-oxide  (dielectric)  breakdown  due  to  the 

impulsive  BSD  sap  at  the  gate  terminal/  The 
second  type  of  damage  vould  pertain  to  slow  (time- 
dependent)  performance  degradation  resulting  from 
sub-catastrophic  saps;  vhen  such  lov-level 


transients  occur  repeatedly,  endochronic  build-up 
of  interface-states,  trapped  charges  in  the  bulk- 
dielectric,  etc.,  vould  occur  due  to  the  field- 
induced  injection  and/or  impact  ionisation 

phenomena  in  the  oxides/  The  purpose  of  the 
present  investigations  is  to  analyse  the 
performance  degradation  failure  of  a  HOSFET  under 
various  severity  levels  of  BSD  saps  and  to  evaluate 
the  corresponding  extent  of  lethality  In 
quantifiable  terms  via  appropriate  models  depicting 
the  various  modes /mechanisms  of  BSD  Interaction 
with  the  Infrastructure  of  the  device.  Bence,  the 
role  of  geometrical  parameters  in  deciding  the 
lethallty/survivablllty  of  the  device  subjected  to 
BSD  transients  (single  or  repetitive)  is 
elucidated.  Thia  analysis  vould  form  the  basis  to 
assess  the  device  reliability  as  a  function  of 
scallng-dovn  strategies. 

ANALYSIS 

The  BSD  phenomena  normally  encountered  can  be 
simulated  by  three  well-established  models, 

namely,6  (a)  human-body  model,  (b)  charged-device 
model,  and  (c)  field-induced  model.  The  human-body 
model  (Pig.  1)  depicts  the  transfer  of  static  from 
a  charged  individual  to  ground  via  the  test  device. 

Charged-device7  model  represents  the  bleed-off 
of  accumulated  charge  upon  the  device-surface  to 
ground  through  the  pin  and  conductive  parts  of  the 
active  device  (Pig.  2).  The  third  model  simulates 
the  effect  of  the  charge  distribution  and  discharge 
vhen  a  device  is  exposed  to  a  static-electric  field 

(Pig.  3>- 


FIS  i  :  HtuM-tart  yooo. 
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In  the  cvant  of  a  high  intensity  BSD  at  the 
gate  of  a  MOS  device,  a  dielectric  breakdown  la 
likely  to  occur  In  the  thin  gate-oxide  file.  This 
■Mr  breakdown  process  nay  be  divided  into  two  stages! 
During  the  first  or  build-up  stage,  localized  hlgh- 
fleld  current  density  are  formed  as  a  result  of 
charge-trap  generation  vith  acconpanled  barrier 
lowering.  Bventually  when  the  local  current 
density  or  field  exceeds  a  critical  value,  the 
rapid  runaway  stage  begins  during  which  additional 
runaway  (electrical  and/or  theraal)  process  result 
In  breakdown. 

The  field-controlled  breakdown  essentially 
depends  on  the  Intrinsic  breakdown  strength 
(~8XV/ca)  of  the  oxide  and  is  prlaarlly  dictated  by 

the  Fovler-Nordheia^  tunneling  of  electrons  froa 
the  conduction  band  of  SI  substrate  into  the  oxide. 
The  corresponding  current  density  .  (J)’’‘is 

2 

approximately  equal  to  AK  exp  (-B/B)  where  A  and  B 
are  constants  with  (approxiaate)  values  of  2  x  10* 

aaperes/(HV)2  and  238  MV/ca,  respectively.*  The 
oxide-defects  also  would  significantly  Influence 
the  breakdown  aechanlsa. 

Tunneling  of  electrons  froa  Si  into  the  oxide 
Is  folloved  by  transport  of  these  charges  in  the 
oxide  with  the  creation  of  electron-bole  pairs  by 
the  interaction  of  field-accelerated  electrons  vltb 
the  oxide  via  lapact  Ionisation.  This  nay  lead  to 
local  dissipation  of  energy  froe  the  excited 
carriers  Into  heat  through  excitation  of  lattice 
vibration  aodei  If  this  Joule  heating  is  not 
extracted  fast  enough  by  conduction,  the  local 
teaperature  would  rise  until  a  permanent  daaage 

A 

occurs,  as  observed  by  Taaabe,  et  al. 

* 


The  critical  voltage  or  severity  level  of 
catastrophy  at  which  irreversible  gate-oxide  daaage 
would  occur  can  be  foraulated  in  terms  of  EOS 
paraaeter(a)  and  the  vulnerable  geometries  of  the 
device  as  follows! 


FIO  «  HEAT -FlUX  ACROSS  THE  6ATE- OXIDE 

Considering  a  cylindrical  current  path  froa  Si 
substrate  to  the  polyslllcon  electrode  across  the 
gate-dielectric  (Fig.  A),  the  heat-flux  (H)  In  the 
current  path  into  the  SI  substrate  can  be  vrltten 


Bx  .  2i*2Ksiar/Axsi,  and 


*2  «  2«*'ox  KSi02"/taS102  <2> 

where  K  and  Ax  are  thermal  conductivity  and  theraal 
diffusion  width,  respectively.  Further,  St  Is  the 
teaperature  rise,  >  is  the  radius  of  current  path 


4nd  ‘ox 
electric 
voltage 


Is  the  gate-oxide  thickness. In  terns  of 

power  dissipated  as  heat,  the  critical 
(V  )  of  oxide  breakdown  can  be  obtained 


froa  the  following  relation! 


dV2/*  - 


B  (per  unit  area) 


where  o  refers  to  the  electrical  conductivity  of 
the  oxide-film.  For  steady-state  temperature  rise 


‘Ksi“-V(tosi»>l 


For  the  transient  condition  governed  by  the 
narrov  pulse  regiac  of  the  BSD  events,  the  theraal 
conduction  equation  for  the  dielectric  gate  can  be 
vrltten  as 


Cpd(fiT)/dt  -  M^VDI  (5) 

where  B  is  the  critical  breakdown  field,  C  and  p 
c 

refer  to  the  specific  heat  and  mass  density  of  the 
oxide  material,  respectively.  For  a  pulse  duration 
of  V,  the  critical  voltage  of  breakdown  V£v  can  be 

obtained  froa  the  principal  solution  of  Bq.  (5). 
It  is  given  by 


vcw(*.t>  -  [*sltox  arv/«*xsl)J' 


i 


vhere  ■  «Jl-a(x.t)].  Here  t3m  (x)  Is  equal 

0  <•  *  *2  '■« /‘-«,l'»sio2  “* 

(-1)B{^*  (erf  x*)dt)  vhere  x 

is  tbs  hoi-spot  under  observation.  Further  x  - 
♦  *J/2  ^dj10  t  vhere  a$10^  ia  the 

tharnal  dlffuslvity  of  the  oxide. 

Thus  Bq.  (6)  evaluates  the  critical  voltage  In 
tens  of  the  BSD  parameters  (B£  and  V)  and  the 

device  geometrical  (scaling)  quantity,  namely,  t  . 

It  applies  to  the  sap  received  by  the  gate  from 
e  human-body  (Fig.  1)  or  a  charged-body  (Fig.  2). 
It  is  analogous  to  the  popular  Vunsch-Bell 

relation*®  specified  for  junction  devices  to 
calculate  the  critical  pover  dissipation  at  the 
junction. 

Weld  Induced  Model  (Fig.  3) 

A  HOS  device  subjected  to  field-induced  mode  of 
electrical  overstressing  can  be  analyzed 
considering  a  dielectric  plus  air-gap  model 
depicted  in  Fig.  3. 


BNDOCHROHIC  DBGBADATIOM 

At  subcatastrophlc  levels  of  stressing,  the 
device  vould  exhibit  a  latent  node  of  failure 
manifesting  as  the  endochronic  performance 
degradation.  Such  "vounded*  or  "rogue"  conponents 
nay  still  be  functional  (hovever,  vlth  deviatory 
characteristics)  and  are  potentially  prone  to 
catastrophic  failures  on  subsequent  stress 
repetitions. 

The  aging  of  a  device  can  be  specified  in  terms 
of  four  possible  damaging  influences,  namely,  the 
elevated  temperature,  the  intensive  electric  field, 
depletory  electroalgratlon  and  undue  thernoelastlc 
stresses.  Specifically,  in  a  HOS  device,  the 
degradation  is  observed  in  the  fora  of  shifts  in 
the  threshold  voltage  and/or  changes  in  trans¬ 
conductance.  Vhen  a  device  takes  multiple  (lov- 
level)  zaps  at  random  (or  regular)  intervals,  the 
net  time-dependent  degradation  due  to  H  stresses 

(zaps)  can  be  vritten  as  follows!** 


4VT 

-S  -  (U  ♦ 

T 


M  ,AVl/2  1-p 

IT,  ‘  VJ  ’  1  -  ‘1 


and 


R6.  S  FIELD -NOUC  ED  BREAKDOWN  ACROSS  THE 
CATE-OXIDE  PLUS  AIR-GAP 

The  critical  air-gap  voltage  at  vhleh 

breakdovn  occurs  and  pumps  the  charges  into  the 
dielectric  can  be  specified  in  terms  of  an  over¬ 
voltage  parameter  AV  is  given  by 

^VoxV^W^Sio/  <7> 

vhere  Cj  la  a  constant  and  Bj  is  the  intrinsic 
breakdovn  strength  of  the  oxide. 


(1  ♦ 


*  *.l 

1-P  *. 


1/2  1-p  r 
I  -1) 


(8) 


vhere  and  gB  refer  to  the  threshold  voltage  and 

the  transconductance,  respectively.  Further,  p  is 
a  constant  (<1)  and  the  exponent  r  Is  greater  than 
one.  AVt1  and  are  the  changes  in  and  ga 

(respectively)  for  a  single  zap.  In  general,  AV^,  or 
Aga  is  determined  by  the  magnitude  and  sign  of  th«. 

charge  injected  into  the  dielectric.  Typical 
variation  (measured)  of  Aga/ga  as  a  function  of 

number  of  zaps  is  presented  in  Fig.  6. 


Thus  the  electrical  overstressing  pertaining  to 
the  field-induced  condition  may  initiate  a 
breakdovn  by  the  critical  overvoltage  (due  to 
stressing)  vhleh  is  directly  proportional  to  the 
square  of  the  dielectric  thickness  and  is  inversely 
(WLh  proportional  to  the  gap  vldth. 


Changes  in  ga  or  is  mainly  controlled  by  the 

12 

trapped  carrier  density  N(t)  given  by 

N(t)  -  Rj{l-exp[-rftjnj(t) J)  (9) 


402 


i* 


% 

5 


£ 

3 


■v: 


-raw 


2TVWVTV1UI 


JIWUltfUDl  Ill'WWWPJWWfUWW  WgwurcvCTwri 


•  w“„  wv  *  J  «r ^  ■  -  ■ 


with  Njnj(t)  »  (l/q)^1  Jjnj  (t')dt'.  Here  *  is  the 
charge  accumulation  coefficient  and  J^nj  refers  to 
the  injected  current  density. 

The  effect  of  scaling  down  on  the  performance 
degradation  will  be  implicitly  determined  by  the 
Injected  current  density.  That  Is,  for  given 
operating  potentials,  the  scaling  down  would  alter 
the  field  Intensity  (magnitude  and  pattern)  at  the 
active  regions  with  the  corresponding  changes  in 
the  magnitude  of  injected  current  density.  Bence 
the  degradation  of  the  device  vould  be  Influenced 
by  the  alterations  in  all  the  major  three  device 
(geometrical)  parameters,  namely,  the  channel 
length,  the  channel  width,  and  the  oxide  thickness, 
Inasmuch  as  all  these  parameters  individually  or 
collectively  decide  the  field  that  controls  the 
current  injection  phenomenon. 

conclusions 

From  the  analyses  indicated  here,  the  follovlng 
conclusions  can  be  inferred! 

1.  For  an  ESD  addressed  to  human-body  model  and/or 
charge-device  model,  the  critical  breakdovn 
voltage  of  the  oxide  is  approximately 
proportional  to  /t-^. 

2.  The  corresponding  damage  is  also  controlled  by 
the  overstressing  parameters,  namely,  the 
stress  level  and  the  pulse-vidth  of  the 
transient. 

3.  When  the  overstressing  refers  to  field-induced 
model  of  Pig.  3,  the  excess  voltage  required 
for  the  breakdown  to  trite  place  and  hence  for 
the  injection  of  charges  into  the  dleletrlc,  is 

proportional  to  tQx  and  decreases  vith  the 
Increasing  gap-vldth. 

4.  The  time-dependent  degradation  due  to 
subcatastrophlc  and  repetitive  stresses  can  be 
specified  by  the  endochronic  changes  in  g^  or 

(Pig.  6).  The  grovth  of  degradation  vould 

depend  essentially  on  the  Initial  value  of 
damage  caused  by  a  single  zap  and  the  time- 
dependent  Increase  vould  be  decided  by  the 
number  and  rate  of  subsequent  zaps.  (Eq.  8). 

3.  The  performance  deviation  caused  by  a  single 
zap  vould  be  determined  by  the  cohesive 

influence  of  current  pumping  due  to  the  field 
within  the  device  Infrastructure;  and  this 
field  is  a  function  of  the  geometrical 
parameters,  namely,  the  channel  vldth,  the 
channel  length,  and  the  gate-oxide  thickness. 
Any  scallng-dovn  strategy  vould  thus  directly 
alter  the  single-zap  damage  (Bg^j/g^  or 

AVtj/Vt)  vhich  Initiates  the  endochronic 
derlvatory  response. 
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Susceptibility  of  PCB-mounted  devices  to  failures  caused  by 
electrostatic  discharges  (ESD)  is  studied.  Theoretical  analysis  and  a 
simulated  experiment  indicate  higher  vulnerability  of  subassembled  (PCB- 
mounted)  devices  relative  to  their  unmounted  (isolated)  counterparts. 
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Transference  of  electric  charges  from  one  moving  surface  to  another  by 


forces  created  by  the  heat  of  friction  induce  static  electricity  causing  a 
potential  difference  between  the  surfaces  involved.  The  static  voltage  on 
nonconductors  commonly  reaches  magnitudes  of  500  V  to  1500  V  under 


relatively  high  humidity  conditions  and  often  as  high  as  15,000  V  TO  20,000 
V  under  dry  conditions.  The  charges  induced  on  a  nonconductor  can  remain  in 
"puddles"  on  the  surface  for  hours  for  even  days.  When  such  a  static  build¬ 
up  occurs  in  a  semiconductor,  the  device  may  fail  either  due  to  excessive 
voltage  difference  or,  due  to  the  discharge  of  this  voltage  across  the 
device  causing  an  excessive  current  to  flow.  In  either  case,  a  damage 
(catastrophic  or  performance  degradation)  in  the  device  is  likely  to  occur 
in  the  sensitive  parts  of  the  devices. 

Thus  electrostatic  discharge  (ESD)  plagues  the  modern  microelectronic 
industry  as  a  new  contaminant  and  poses  unique  reliability  problems  due  to 
"sneaky"  failures  in  production  lines,  in  the  inspection  departments,  at  the 
stock-room,  while-on-transit  or  in  the  hands  of  the  customers. 

In  general,  such  ESD  threats  are  conceived  as  and  supposedly 
experienced  only  in  isolated  devices;  that  is,  in  those  devices  which  are 
not  subassembled  or  mounted  on  a  PCB.  This  presumption  is  rather  incorrect 
and  as  pointed  out  by  Donald  Frank  (Ref.  l),  it  is  a  "myth"  to  presume  "an 
ESD  sensitive  component  cannot  be  damaged  once  it  is  installed  on  a  circuit 
board."  Notwithstanding,  in  the  existing  practice,  survivability  assessment 
of  electronic  systems  under  electrical  overstresses  (EOS)  arising  from 
electrostatic  discharges  (ESD)  have  been  invariably  restricted  to  analyzing 
the  isolated  components  only;  and,  failure  prevention  measures  (Ref.  2)  have 
been  prescribed  acordingly  in  respect  of  handling  and  using  isolation 
devices.  Further,  failures  threshold  studies  and  protective  circuit  designs 
have  also  been  based  mostly  on  the  anticipated  ESD  threats  exclusive  to 
unmounted/isolated  devices  only. 


However,  case  studies  (Refs.  1,  3  &  4)  reveal  that  devices  mounted  on 
printed  circuit  hoards  (PCB)  would  experience  high  failure  rates  under  ESD 
environments  despite  exercising  the  prescribed  precautionary  measures.  For 
example,  as  indicated  by  William  Thompson,  (Ref.  3)  non-observance  of  ESD 
protective  measures  in  handling  and  using  certain  costly  replacement 
subassemblies  of  tactical  systems  like  missiles,  resulted  in  excessive  loss 
and  warranted  frequent  field-repairs. 

Not  taking  care  to  protect  ESD  sensitive  components  from  the  damage 
after  they  have  been  installed  in  an  equipment  can  also  result  in 
performance  degradation  of  the  unit,  as  pointed  out  by  Donald  Frank  (Ref.  1) 
referring  to  a  case  of  a  scientific  calculator  being  not  able  to  retain  the 
programmed  memory  when  necessary  handling  procedures  were  not  followed. 

More  evidience  on  ESD-induced  damage  to  integrated  circuits  on  PCB's 
has  been  recently  furnished  by  Shaw  and  Enoch  (Ref.  4)  with  experimental 
data  pertaining  to  the  sensitivity  of  a  batch  of  octal-latch  integrated 
circuits  mounted  on  a  printed  circuit  board  to  ESD  transients.  Their 
experiments  reveal  the  high  static  propensity  of  PCB's  would  lead  to  an  ESD 
transient,  sufficiently  large  enough  to  cause  catastrophic  damages  in 
mounted  devices. 

In  order  to  assess,  the  proneness  of  PCB-mounted  devices  to  failures 
under  ESD-based  overstresses,  it  is  essential  to  formulate  a  systematic 
model  so  as  to  estimate  the  relative  lethality  of  such  devices  (in  the 
subassembly)  in  comparison  with  that  of  isolated  (unmounted)  counter  parts. 
A  typical  model  can  be  conceived  as  follows: 


THEORETICAL  MODEL 


Referring  to  Pig.  1 ,  the  electrostatic  discharge  from  a  human  body  onto 
a  PCB-pin  is  equivalently  represented  by  a  network.  The  components  of  the 
dual-RLC  network  (Ref.  5  &  6)  (namely  Rg  Lg  Cg  &  Rg  Lg  Cg)  denote  the  body 

and  the  hand,  and  the  voltage  on  Cg  depicts  the  electrostatic  voltage  on 

the  body.  The  transmission-line  path  between  the  PCB-pin  and  the  device-pin 
is  represented  by  an  equivalent  T-network  (Ref.  6)  with  lumped  elements  of 
Le  and  Cg.  The  device  junction  under  stress  is  assumed  to  be  purely 

resistive  (R.)  and  is  shunted  by  substrate/packaging  capacitance,  C.. 

J  J 

Associated  with  R.  is  the  effective  junction  area  (A)  through  which  the  bulk 

J 

of  the  ESD  current  is  passed.  Typical  values  OP  R j ,  Cj,  and  dual-RLC 

elements  are  shown  in  Pig.  1.  Further,  the  path-length  of  the  PCB 
transmission-line  is  assumed  as  5  cm  (a  typical  value)  with  a  characteristic 
impedance  of  50A.  The  corresponding  Lg  and  Cg  values  (Ref.  7)  per  unit 

length  are  2.5  nH/cm  and  1  pF/cm,  respectively,  if  the  PCB  has  a  dielectric 
constant  of  2. 5- 


power  per  unit  area  at  the  melting  point  of  the  device  medium  (silicon), 
denoted  as  P(W-B),  is  computed  as  a  function  of  time  via  well-known  Wunsch- 
Bell  (Ref.  8)  heat  transfer  equation.  The  relevant  results  are  also 
presented  in  Pig.  2. 

The  condition  for  catastrophic  failure  of  the  PCB-mounted  device  is 
that  P(PCBM-D)  P(W-B).  Prom  Fig.  2,  this  failure  condition  corresponds  to 
the  time,  t  =  €,  =  4  nsec.  If  the  test  device  considered  were  to  be  an 

isolated  piece  (instead  of  being  mounted  on  a  PCB),  the  corresponding 
junction  power  per  unit  area,  P(l-D)  as  a  function  of  time,  can  be 
calculated  (Ref.  5)  by  the  equivalent  network  of  Pig.  1  with  the  omission  of 
transmission  line  and  inductive  parameters.  The  results  are  shown  on  Pig.  2 
with  the  associated  failure  time  being 9  nsec.  Hence  the  relative 

lethality  endurance  (Ref.  9)  of  the  PCB-mounted  device  in  comparison  with  an 
isolated  device  is  given  by  (Ref.  9)  ^  /T^  =  0*44.  That  is,  for  a  given 

severity  level  of  ESD,  the  PCB-mounted  device  has  an  endurance  capability 
(Ref.  9)  of  only  44$  of  that  of  an  isolated  device.  The  enhanced  lethality 
and  higher  proneness  to  failure  of  the  PCB-mounted  device  results  from 
current-peaking  effects  (Ref.  10)  due  to  inductive  elements  of  the 
equivalent  circuit  shown  in  Pig.  1.  The  super-fast  initial-voltage  spike 
across  R.  is  indicated  by  the  overshoot  curve  of  V.  (PCBM-D)  would  pose  a 


higher  severity,  as  experienced  in  the  reported  case  studies  (Ref.  1,  3,  & 


EXPERIMENTAL  STUDIES 


To  understand  the  implications  of  current-peaking  effects  due  to  the 
inductive  elements  of  the  transmission-line  on  the  PCB,  an  experiment 
simulating  the  equivalent  circuit  of  Pig.  1  was  constructed  using  a  PCB  with 
5cm  long  parallel  line,  terminated  by  a  parallel  combination  of  R.  =  100  ohm 

J 

and  Cj  3  5}*F.  The  typical  output-discharge  voltage  waveforms,  with  and 

without  the  transmission-line,  as  observed  on  a  wide-band  oscilloscope  are 
shown  in  Figs.  3  A  &  B.  These  waveforms  closely  depict  the  computer- 
simulated  discharge  profiles  of  Fig.  2.  The  characteristic  initial  peak 
(due  to  the  inductive  elements  of  the  transmission  line)  of  Fig.  3A  can 
drive  the  junction  into  the  Wunch-Bell's  limit  of  catastrophy  (Ref.  8).  But 
when  the  inductive  elements  are  absent  (that  is,  when  the  device  is 
considered  as  an  isolated  component),  the  discharge  waveform  is  essentially 
an  RC  transient  curve  without  initial  peak(s) /overshoot (s)  as  could  be 
observed  from  Fig.  3B.  Thus  the  simulated  experiment  supplements  the 
concept  that  the  ESD  threat  could  be  higher  when  the  components  are  on  a  PCB 
than  when  the  components  experience  the  ESD  zap  as  isolated  devices. 

Remedial  Measures:  In  spite  of  exercising  ESD  controls  (Ref.  2)  during 
design,  test,  manufacture,  assembly  and  packaging  for  delivery,  etc.,  there 
persists  an  enhanced  threat  of  failure  in  respect  of  replacement  assemblies 
(PCB)  as  indicated  in  the  present  analysis.  Therefore  additional  protection 
methods  may  be  required  exclusivly  at  subassembly  levels.  Transient 
suppression  at  subassembly  level  can  be  done  by  three  schemes:  In  the  first 


method  (Ref.  4)  as  recommended  by  some  manufacturers,  resistors  (up  to  400 
ohms)  can  be  included  in  series  with  inputs  that  are  directly  wired  to  off- 
board  connectors,  so  as  to  limit  discharge  current  of  an  ESD  transient. 
Such  in-line  resistors  have  been  observed  to  be  effective  in  protecting  ICs 
on  a  board  only  to  a  moderate  extent;  and  also  their  effectiveness  is 
dependent  on  the  polarity  of  the  transient,  the  greater  effect  being 
achieved  for  negative  transients  (Ref.  4). 

Another  scheme  suggested  here  is  to  use  a  negative  resistance  elements 
(varistors)  as  shunt-type  transient  suppressors  across  the  inputs  and  off- 
board  connectors  (Ref.  11).  Because  of  the  symmetrical  sharp  breakdown 
characteristics,  a  varistor  can  provide  adequate  bipolar  transient 
suppression.  Further,  availability  of  surface-mounted  varistors  (Ref.  11) 
indicate  their  promising  applications  in  PCB  technology. 

The  third  method  (Ref.  12)  of  transient  suppression  can  be  achieved  by 
using  positive  temperature  coefficient  (PTC)  resistors  as  series  elements  at 
the  input  terminals.  Low  resistance  conductive  polymer-based  PTC  devices 
have  been  studied  as  overcurrent  protectors  (Ref.  12)  and  their  use  as 
protective  devices  for  PCB-mounted  components  awaits  the  trial  of 
experimentation. 

It  is  suggested  here  that  a  miniature  protective  components  compatible 
for  PCB  applications  can  be  developed  by  judicious  combination  of  in-line 
resistors,  varistors  and  PTC  resistors.  If  such  a  scheme  is  effectively 
implemented,  the  hazard-proneness  of  PCB-mounted  devices  to  ESD-based 
overstresses  could  possibly  be  overcome. 
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CAPTIONS  FOR  THE  DIAGRAMS: 


Fig.  1:  Human-body  model  of  electrostatic  discharge  (ESD)  through  PCB-  ; 

I 

mounted  devices:  Equivalent  circuit  representation. 


Pig.  2: 


Variations  of  ESD-induced  junction  voltage  (V.)  and  average 

3 

power/unit  junction  area  (P)  as  functions  of  time;  V.(PCBM-D)  & 

3 

P(PCBM-D)  correspond  to  PCB-nounted  device.  V.(I-D)  &  P(l-D) 

3 

correspond  to  isolated  device.  P(W-B):  Calculated  by  Wunsch-Bell 
model. 


Fig.  3:  Typical  outputs  from  an  ESD  Simulator  Depicting  the  Human  Body 
Model  shown  in  Fig.  1. 


A.  Reactive  Elements  of  the  PCB  Transmission  Line  are  included. 


B.  PCB  Transmission  Line  is  ommitted. 
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ESD  Failures  of 
Board-Mounted  Devices 

Analysis  and  simulated  experiment  indicate  that  mounted  devices 
are  more  vulnerable  to  ESD  than  are  unmounted  devices. 


1.  Equivalent  circuit  representation  for  a  human-body  model  of  electrostatic  discharge 
(ESD)  through  PCB-mounted  devices. 


By  Perambur  S.  Neelakantaswamy, 
RIT  Research  Corp.,  Rochester,  N.Y., 
and  Rennen  I.  Turkman,  Rochester 
Institute  of  Technology, 

Rochester,  N.Y. 

Electrostatic  discharge  (ESD)  plagues 
the  modem  microelectronics  industry 
and  poses  unique  reliability  problems 
due  to  failures  on  the  production  line, 
in  the  inspection  department,  at  the 
stockroom,  while  in  transit  or  in  the 
hands  of  customers. 

Such  ESD  threats  are  supposedly 
experienced  only  in  isolated  devices; 
that  is,  in  devices  which  are  not 
mounted  on  a  printed  circuit  board 
(PCB).  This  presumption  is  incorrect.1 
It  is  a  myth  that  an  ESD-sensitive 
component  cannot  be  damaged  once 
installed  on  a  circuit  board. 

Nevertheless,  survivability  assess¬ 
ments  of  electronic  systems  under  elec¬ 
trical  overstresses  (EOS)  arising  from 
ESD  have  been  restricted  to  analyzing 
isolated  components  only,  and  failure 
prevention  measures  with  respect  to 
handling  and  using  isolated  devices 
have  been  prescribed  accordingly.2 
Further,  failure  threshold  studies  and 
protective  circuit  designs  have  also 
been  based  mostly  on  anticipated  ESD 
threats  exclusive  to  unmounted  devic¬ 
es. 

Case  studies  reveal  that  devices 
mounted  on  PCBs  experience  high  fail¬ 
ure  rates  in  static-charged  environ¬ 
ments  even  when  the  prescribed  pre¬ 
cautions  are  taken.1-5'  Non-observance 
of  ESD-protective  measures  in  han¬ 
dling  and  using  certain  costly  replace¬ 
ment  subassemblies  of  tactical  sys¬ 
tems,  like  missiles,  resulted  in 
excessive  loss  and  frequent  field  re¬ 
pairs.5 

Not  taking  care  to  protect  ESD  sen¬ 
sitive  components  from  damage  after 


they  have  been  installed  in  equipment 
can  also  result  in  performance  degra¬ 
dation  of  the  unit,  as  pointed  out  by 
Donald  Frank,1  referring  to  a  case  of  a 
calculator  that  was  not  able  to  retain 
its  programmed  memory  when  the 
necessary  handling  procedures  were 
not  followed. 

More  evidence  on  ESD-induced  dam¬ 
age  to  integrated  circuits  on  PCBs  has 
been  recently  furnished  by  Shaw  and 
Enoch,'  with  experimental  data  per¬ 
taining  to  the  sensitivity  of  a  batch  of 
octal-latch  integrated  circuits 


mounted  on  a  printed  circuit  board,  to 
ESD  transients.  Their  experiments  re¬ 
veal  that  the  high  static  propensity  of 
PCBs  would  lead  to  an  ESD  transient, 
sufficiently  large  enough  to  cause  cata¬ 
strophic  damages  in  mounted  devices. 

Theoretical  model 
In  order  to  assess  the  likelihood  of 
PCB-mounted  devices  to  fail  under 
ESD-based  overstresses,  it  is  essential 
to  formulate  a  systematic  model  so  as 
to  estimate  the  relative  lethality  of 
such  devices  (in  the  subassembly)  in 
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comparison  with  that  of  unmounted 
counterparts.  A  typical  n  odel  follows. 

Referring  to  Fig.  1,  the  electrostatic 
discharge  from  a  human  body  onto  a 
PCB  pin  is  equivalently  represented 
by  a  network.  The  components  of  the 
dual-RLC  network5’6  (namely  R>s  La  Cu 
and  Rn  Lti  Cu)  denote  the  body  and  the 
hand,  and  the  voltage  V ]  on  C'/i  depicts 
the  electrostatic  voltage  on  the  body. 
The  transmission-line  patli  between 
the  PCB  pin  and  the  device  pin  is 
represented  by  an  equivalent  '/’-net¬ 
work  6  with  lumped  elements  of  /,,  and 
C,  The  device  junction  under  stress  is 
assumed  to  be  purely  resistive  (R)  and 
is  shunted  by  substrate/packaging  ca¬ 
pacitance,  Associated  with  R.  is  the 
effective  junction  area  l.-\)  through 
which  the  bulk  of  the  KSI)  current  is 
passed.  Typical  values  of  R,  C„  mid 
dual-RFf  elements  are  shown  in  Fig, 
1  Further,  the  path  length  of  the  PCB 
transmission  line  is  assumed  to  be  5 
cm  fa  typical  value)  with  a  characteris¬ 
tic  impedar.ee  of  50!!.  The  correspond¬ 


ing  L,  and  C,  values7  per  unit  length 
are  2.5  nH/cm  and  1  pF/cm,  respective¬ 
ly,  if  the  PCB  has  a  dielectric  constant 
of  2.5. 

The  transient  voltage  V/t)  across 
the  device  junction  is  computed  by 
Laplace  transform  technique,  assum¬ 
ing  a  stress  voltage  of  V,  --  1,000  V. 
The  device  considered  is  of  silicon  ma¬ 
terial  with  A  --  1 ,000  sq  microns.  For  a 
known  (computed)  V/t),  the  average 
power  per  unit  junction  area,  namely, 
PiPCBM-Dj  as  a  function  of  time  is 
plotted  in  Fig.  2.  To  find  a  measure  for 
the  damage  (as  implied  by  junction 
melting),  the  junction  power  per  unit 
area  at  the  melting  point  of  the  device 
medium  (silicon),  denoted  as  P(\V-B), 
is  computed  as  a  function  of  time  via 
the  well-known  Wunsch-Belp  heat- 
transfer  equation.  "1  he  relevant  results 
are  also  [.'resented  in  Fig.  2. 

1  he  rendition  for  catastrophic  fail¬ 
ure  of  t tie  PCB  mounted  device  is  that 
l\PCIi.MD)  -  PiW-m,  From  Fig.  2. 
this  failure  condition  corresponds  to 


the  time,  t  ~  —  4  ns.  If  the  test 

device  considered  were  to  be  an  iso¬ 
lated  piece  (instead  of  being  mounted 
on  a  PCB),  the  corresponding  junction 
power  per  unit  area,  P(I-D)  as  a  func¬ 
tion  of  time,  can  be  calculated5  by  the 
equivalent  network  of  Fig  1  with  the 
omission  of  transmission  line  and  in¬ 
ductive  .parameters.  The  results  are 
shown  on  Fig.  2  with  the  associated 
failure  time  being  t:  -  9  ns.  Hence  the 
relative  lethality  endurance5  of  the 
PCB-mounted  device  in  comparison 
with  an  isolated  device  is  given  by  tj/ts 
-  0.44.  That  is,  for  a  given  severity 
level  of  ESD,  the  PCB-mounted  dev’ce 
has  an  endurance  capability  of  only  44 
percent  of  that  of  an  isolated  device. 
The  enhanced  lethality  and  higher 
proneness  to  failure  of  the  PCB- 
mounted  device  results  from  current- 
peaking  effects10  due  to  inductive  ele¬ 
ments  of  the  equivalent  circuit  shown 
in  Fig.  1.  The  super-fast  initial-voltage 
spike  across  R ,  indicated  by  the  over¬ 
shoot  curve  of  Vj  (PCBM-D),  would 
pose  a  higher  severity  as  experienced 
in  the  reported  case  studies.1-3 * 

Experimental  studies 

To  understand  the  implications  of 
current-peaking  effects  due  to  the  in¬ 
ductive  elements  of  the  transmission 
line  on  the  PCB,  an  experiment  simu¬ 
lating  the  equivalent  circuit  of  Fig.  1 
was  constructed  using  a  PCB  with 
5-cm  long  parallel  line,  terminated  by 
a  parallel  combination  of  R.  --  100  Cl 
and  C,  ==  5  pF.  The  typical  output- 
discharge  voltage  waveforms,  with  and 
without  the  transmission  line  as  ob¬ 
served  on  a  wide-hand  oscilloscope,  arc- 
shown  in  Figs.  3a  and  3b.  These  wave¬ 
forms  closely  depict  the  computer-sim¬ 
ulated  discharge  profiles  of  Fig.  2.  The 
characteristic  initial  peak  (due  to  the 
inductive  elements  of  the  transmission 
line)  of  Fig.  3a  can  drive  the  junction 
into  the  Wunch-Bell's  limit  of  catastro¬ 
phe.8  But  when  the  inductive  elements 
are  absent  (that  is,  when  the  device  is 
considered  as  an  isolated  component), 
the  discharge  waveform  is  essentially 
an  RC  transient  curve  without  initial 
peak(s)/overshoot(s)  as  could  be  ob¬ 
served  from  Fig.  3b.  Thus  the  simu¬ 
lated  experiment  supplements  the  con¬ 
cept  that  the  ESD  threat  could  be 
higher  when  the  components  are  on  a 
PCB  than  when  the  components  expe¬ 
rience  the  ESD  zap  as  isolated  devices. 

In  spite  of  exercising  ESD  controls5 
during  design,  tost,  manufacture,  as¬ 
sembly  and  packaging  for  delivery, 
etc.,  there  persists  a  greater  threat  of 
failure  of  replacement  assemblies 
l PCB)  as  indicated  in  the  pre.-ent  anal¬ 
ysis.  Therefore  additional  protection 
may  he  required  exclusively  at  .subas¬ 
sembly  levels.  Transient  suppression 
at  subassembly  levels  can  be  accom¬ 
plished  by  any  one  of  three  us-thods  In 
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Additional  protection  may  be  required  exclusively  at  subassembly  levels. 


3.  Typical  outputs  from  an  ESD  simulator  depict  the  human-body  model  shown  in  Fig.  1: 
(a)  reactive  elements  of  the  PCB  transmission  line  are  included;  (b)  PCB  transmission  line 
is  omitted. 


the  first  method/  as  recommended  by 
some  manufacturers,  resistors  (up  to 
40011)  can  be  included  in  series  with 
inputs  that  are  directly  wired  to  off- 
board  connectors,  so  as  to  limit  dis¬ 
charge  current  of  an  ESD  transient. 
Such  in-line  resistors  have  been  ob¬ 
served  to  be  effective  in  protecting  ICs 
on  a  board  only  to  a  moderate  extent, 
and  their  effectiveness  is  dependent  on 
the  polarity  of  the  transient. 

Another  scheme  suggested  is  to  use 
negative  resistance  elements  (varis¬ 
tors)  as  shunt-type  transient  suppres¬ 
sors  across  the  inputs  and  off-board 
connectors."  Because  of  the  symmetri¬ 
cal  sharp  breakdown  characteristics,  a 
varistor  can  provide  adequate  bipolar 
transient  suppression.  Further,  the 
availability  of  surface-mount  varistors 
indicates  their  promising  applications 
in  PCB  technology. 

The  third  method12  of  transient  sup¬ 
pression  can  be  achieved  by  using  posi¬ 
tive  temperature  coefficient  (PTC)  re¬ 
sistors  as  series  elements  at  the  input 
terminals.  Low  resistance  conductive 
polymer-based  PTC  devices  have  been 
studied  as  overcurrent  protectors  and 
their  use  as  protective  devices  for  PCB- 
mounted  components  awaits  the  trial 
of  experimentation. 

It  is  suggested  that  miniature  pro¬ 
tective  components  compatible  for 
PCB  applications  can  be  developed  by 
a  judicious  combination  of  in-line  re¬ 
sistors,  varistors  and  PTC  resistors.  If 
such  a  scheme  is  effectively  imple¬ 
mented,  the  susceptibility  of  PCB- 
mounted  devices  to  ESD-based  over¬ 
stresses  could  possibly  be  overcome.  ■ 
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ITEM  87 

INTERFERENCE  TECHNOLOGY  ENGINEERS’  MASTER 


IMPULSIVE  EMI  RADIATED  BY  ELECTROSTATIC  DISCHARGES  (ESD) 


Failure  of  equipment-mounted  devices  due  to  indirect  (noninvasive) 


energy  transfer  from  the  ESD  via  transient  electromagnetic 


coupling/interference  warrants  a  unique  modeling  as  detailed  in  this 


article. 


PERAMBUR  S.  NEELAKANTAS VAMY ,  RIT  RESEARCH  CORPORATION,  ROCHESTER,  NEW  YORK 


Conventional  studies  on  ESD-based  damages  are  invariably  restricted  to 


chip-level.  However,  there  has  been  an  increased  awareness  recency  to 


investigate  the  susceptibility  of  equipment  and  subassemblies  to  ESD 


failures,  ’  because  such  larger  systems  would  present  prominent  cross¬ 


sections  of  exposure  to  impulsive  electromagnetic  interference  (EMI) 


emanating  from  an  external  ESD  event.  That  is,  equipment,  in  general,  is 


potentially  propensive  to  accept  electromagnetic  waves  radiated  from  an 


external  ESD  occurring  in  the  vicinity.  Therefore,  any  sensitive  device 


mounted  within  the  equipment  is  likely  to  be  damaged  by  absorbing  the 


interfering  electromagnetic  energy  penetrated  through  apertures  (on  the 


equipment-shielding)  and/or  coupled  via  conductor  surfaces,  connectors,  etc. 


Eventually  circuit  malfunctioning  and/or  equipment-breakdown  would  occur 


depending  on  the  failure  being  latent-type  or  catastrophic.  Appearance  of 


2 


"ghost-bits"  and  "bit  dropouts"  in  computers  and  "sneaky"  equipment  failures 
in  production  lines,  in  the  inspection  departments,  at  the  stockroom,  while- 
on-transit  or  in  fields,  etc.,  can  be  largely  attributed  to  such  ESD-based 

electromagnetic  influences.^  To  evaluate  the  cause-effect  relations 

quantitatively  in  the  aforesaid  failure-mode,  it  is  essential  to  develop  an 

EMI  model  representing  the  ESD-excited  electromagnetic  wave,  its  coupling  to 

devices  via  equipment/subassembly  cross-section(s)  and  the  resulting  damage. 

This  article  proposes  a  model  to  portray  exclusively  the  implicit  (EMI- 

based)  ESD-to-device  interaction  in  contrast  with  the  existing  models 

6  7  8 

(human-body  model,  charged-device  model  and  field-induced  model  )  which 

rather  describe  the  direct  (contact-based)  interactive  damages. 

BSD  MODELS 

The  electrostatic  discharge  (ESD)  phenomenon  that  plagues  the  modern 
electronic  industry  as  a  new  contaminant,  is  normally  simulated  by  three 

6  7  8 

well-established  models  ’  ’  describing  the  device  to  ESD  interactions:  The 

human-body  model**  shown  in  Figure  1  depicts  the  transfer  of  static  from  a 

charged  person  to  ground  via  the  test  device.  Charged-device  model^ 
(Figure  2)  represents  the  bleed-off  of  accumulated  charges  (which  "normally 
stay  put  as  puddles"  upon  the  device-surface)  to  ground  through  the  pin(s) 

8 

and/or  conductive  parts  of  the  active  device.  The  third  model  simulates 
the  effect  of  the  charge  distribution  and  discharge  when  a  device  is  exposed 
to  a  static-electric  field  (Figure  3). 


In  general,  ESD  threats  modeled  as  per  Figures  1-3  are  conceived  and 
supposedly  experienced  only  in  isolated  devices;  that  is,  in  those  devices 
which  are  not  subassembled  or  mounted  on  PCBs  of  the  equipment.  This 

9 

presumption  is  rather  incorrect  and  as  pointed  out  by  Frank  ,  it  is  a  "myth" 
to  presume  "an  ESD  sensitive  component  cannot  be  damaged  once  it  is 
installed  on  a  circuit  board."  Notwithstanding,  in  the  existing  practice, 
the  survivability  assessment  of  electronic  systems  under  electrical 
overstress  (EOS)  arising  from  ESD  have  been  invariably  restricted  to  analyze 
isolated  components  only  and  failure  prevention  measures  have  been 
prescribed  accordingly — only  to  the  handling  and  using  of  isolated  devices. 
Further  failure  threshold  studies  and  protective  circuit  designs  have  been 
mostly  based  on  anticipated  ESD  threats  exclusive  to  unmounted/isolated 
devices. 

However,  case  studies  reveal  that  devices  mounted  on  printed  circuit 
boards  (PCB)  in  equipment  would  experience  high  failure  rates  under  ESD 
environments  despite  exercising  the  prescribed  precautionary  measures.  For 

2 

example,  as  indicated  by  Thompson,  non-observance  of  ESD  protective 
measures  in  handling  and  using  certain  costly  replacement  subassemblies  of 
tactical  systems  like  missiles,  resulted  in  excessive  loss  and  warranted 
frequent  field-repairs. 

Not  taking  care  to  protect  ESD  sensitive  components  from  the  damage 
after  they  have  been  installed  in  an  equipment  can  also  result  in 

9 

performance  degradation  of  the  unit,  as  pointed  out  by  Frank  referring  to  a 


case  of  scientific  calculator  being  not  able  to  retain  the  programmed  memory 
when  necessary  handling  procedures  were  not  followed. 


More  evidence  on  ESD-induced  damage  to  integrated  circuits  on  PCBs  has 

been  recently  furnished  by  Shaw  and  Enoch^  with  experimental  data 
pertaining  to  the  sensitivity  of  a  batch  of  octal-latch  integrated  circuits 
mounted  on  a  printed  circuit  board  to  ESD  transients.  Their  experiments 
reveal  that  high  static  propensity  of  PCBs  vould  lead  to  an  ESD  transient 
sufficiently  large  enough  to  cause  catastrophic  damages  in  mounted  devices. 


Recently,  the  author  has  also  studied"5  the  susceptibility  of  PCB- 
mounted  devices  to  failures  caused  by  ESD  and  indicated  the  higher 
vulnerability  of  subassembled  structures. 


EMI  MODEL 


In  ESD  problems  related  to  subassembled  and/or  equipment-mounted 
devices,  the  threat  would  arise  not  only  from  direct/contact-based  bleed-off 
of  electrical  charges,  but  also  due  to  noninvasive  electromagnetic  coupling 

(Figure  4).  That  is,  as  mentioned^  in  D0D-HDBK.-263,  electromagnetic  pulses 
(EMP)  caused  by  ESD  in  the  form  of  a  spark  can  cause  part  failures  in 
equipment. 


The  following  analysis  will  enable  a  simulation/modeling  to  represent 
such  noninvasive  ESD-base  EHI  threats.  Consider  an  ESD  event,  say,  from  a 
finger  tip  occurring  in  the  vicinity  of  a  circular  aperture  on  an  equipment 
(shielding)  as  illustrated  in  Figure  5.  For  the  purpose  of  analysis,  the 
finger  is  regarded  as  a  dielectric-wedge  (vide  the  insert  in  Figure  5) 
inducing  an  intense  electric  field  in  the  discharge  gap.  The  propagating, 
transient  electromagnetic  field  generated  at  the  gap  can  be  represented  by 
the  lightning  function  as  follows: 

e1(t)  =  E1[exp(-At)-exp(-Bt) ]  (1) 

with  A  and  B  being  constants  dependent  on  the  rise  and  decay  times  of  the 
impulse  discharge.  The  amplitude  Ej  at  the  center  of  the  discharge-gap  is 

6  T-l 

proportional  to  t  D  where  D  is  the  gap-width  and  x  is  a  parameter 

(0<T<1)  dependent  on  the  wedge-angle  (a)  and  on  the  ratio  of  dielectric 
constants,  e2/'€l"  The  e^ectr^c  field  E^  becomes  singular  attaining 

infinitely  large  magnitude  as  D  approaches  zero.  This  enhanced  local  field 
(Ej)  due  to  the  wedge-like  structure  of  the  finger  can  be  evaluated  by  the 
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analysis  due  to  Meixner. 

As  the  induced  field  is  intercepted  by  the  circular  aperture  on  an 
(invariably)  grounded  and  charge-free  equipment-shield,  the  corresponding 
electromagnetic  wave  interior  to  the  shielding  is  related  to  the  exterior 

13 

field  components  by  means  of  a  coupling  coefficient  (K)  given  by 


(2) 


,  sin  6  sin  29  sin  39 

K  -  \  i0o  0 ’  -  — r-°  -  -r-°J 


where  9q  is  the  semiangular  width  of  the  circular  aperture,  assumed  to  be 
located  on  a  large,  hollow,  spherical  shield  (Figure  5)  of  radius,  p. 


The  penetrated  EMI  is  incident  on  a  lossy  dielectric  sphere  (of 
microscopic  dimension)  representing  the  vulnerable  part  ("hot-spot")  in  the 
microelectronic  device,  presumed  to  be  located  at  the  center  of  the 
spherical  shield.  The  peak  absorbed  energy  (W)  at  the  dielectric  sphere 
(with  complex  permittivity  equal  to  e'-je")  can  be  determined  by  the 
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spherical  wave  expansion  technique  (Mie  solution)  due  to  Stratton  with 
appropriate  boundary  conditions  and  small  argument  approximations  and  by 
expressing  the  EMI  field  in  the  frequency  domain  through  Fourier  transform 
method.  The  result  is, 


V  =  (4na3/3)oK2E^  |f(R, 9, *)|  2(B-A)2/(B+A) 


where  o  =  we.e"  and, 


F(R,9,*)  2  -  (9/(e'2+e"2)  +  0.4(k  a/2)2], 


with  kQ  being  the  free-space  propagation  constant. 

If  Aj  is  the  junction  area  in  the  device,  W/AjTq  would  refer  to  the  average 
power  density  over  a  pulse  duration,  t  .  Presuming  that  the  failure  occurs 

at  tj,  the  quantity  W/AjTq  can  be  equated  to  the  Vunsch-Bell' s  limit*"*  of 

catastrophy  (due  to  junction  burnout)  and  the  corresponding  result  yields  an 
expression  for  the  damage-time  (t^)  as: 

■  T„2aX-v2<,VoV'u2  (5) 

where  Tm  and  T\  are  the  melting  point  and  initial  temperature  of  the  device, 
respectively;  further,  the  quantities  k^,  pQ  and  Cp,  respectively,  refer  to 
thermal  conductivity,  density,  and  specific  heat  of  the  device  material. 

The  results  on  damage-time  (t^)  as  a  function  of  the  rise-time  (Tr)  of  the 

excited  transient  field  (Equation  1)  indicate  that  the  relative  damage-time 
tdl//td2  (corresponding  to  two  rise-times,  namely,  t  ^  and  T^)  is 

2 

approximately  equal  to  (t^/t^)  assuming  that  the  pulse  duration  (tq)  is 
constant  and  is  equal  to  J?n(B/A)/(B-A) .  In  the  computation,  the  value  of 
kQ  was  taken  approximately  equal  to  2rt/ctr  (with  c  being  the  free-space 


velocity  of  the  electromagnetic  wave);  further,  the  square-lav  relation 

between  the  relative  values  of  t,  and  x  is  found  to  be  valid,  irrespective 

a  r 

of  the  material  of  the  device  (that  is,  either  silicon  or  Ga As). 

The  author  has  indicated  elsewhere*^  that  the  relative  damage-time  directly 
specifies  the  lethality  endurance  coefficient  (LEF)  of  the  device.  Hence, 

2 

it  follows  from  the  present  analysis  that  the  LEF  is  equal  to  (t  ./T  j)  * 

EXPERIMENTAL  STUDIES 

As  radiated  interference  results  from  discharges  to  nearby  conducting 
objects,  the  currents  f loving  through  the  conducting  surface  would  create 
transient  electromagnetic  waves  which  can  be  picked  up  by  wires  acting  as 
antennas  interpreted  as  valid  signals;  or,  the  interference  can  also 
directly  invade  the  devices  causing  catastrophic  or  latent  failures.  The 
extent  of  lethality  is  governed  by  the  analysis  indicated  before. 

The  existence  of  ESD-based  EMI  can  be  verified  by  an  experiment 
simulating  the  ESD-sparking  environment.  Per  DOD-HDBK-263 ?  ESD  spark 

testing**  can  be  performed  by  discharging  the  ESD  in  the  form  of  a  spark 
across  a  spark-gap  sized  for  the  ESD  test  voltage  or  by  slowly  bringing  the 
high  voltage  test  lead  of  the  test  circuit  close  to  the  case  or  electrical 
terminal  of  an  ESD  sensitive  item  while  it  is  operating  until  the  voltage  is 
discharged  in  the  form  of  an  arc. 


More  elaborate  test  methods  have  been  described  by  Honda  and  Ogura 
who  utilize  time-domain  and  frequency-domain  methods  for  quantitative 
prediction  of  ESD-based  EMI. 

Presently  a  simple  arrangement  is  described  to  simulate  the  test 
studies  under  discussion.  The  principle  of  the  test  method  is  depicted  in 
Figure  6,  and  Figure  7  illustrates  the  actual  experimental  set-up  used. 

A  human-body  zap  simulator  (IMCS  Model  2600)  is  used  to  establish  the 
spark  across  a  metal  tip  and  a  grounded  metal  sheet.  The  simulator  can 
provide  positive  or  negative  25v  to  25  kV  peak,  single  or  sequenced  (5  or 
10)  pulses  with  variable  ramp  up  rate  of  5  to  25  kV/sec.  The  pulse  mode 
operation  corresponds  to  the  human-body  BSD  of  Pigure  1. 

The  equipment/subassembly  is  simulated  by  portable  static  sensor 
(RITRC-1000)  developed  by  the  RIT  Research  Corporation.  It  is  a 
miniaturized  static  sensor  (originally  developed  to  evaluate  the  efficacy  of 
ESD  protection  bags)  mounted  on  a  PCB  with  an  associated  circuitry  to 
respond  with  audio  (buzzer)  and  video  (LED)  annunciations  when  the  sensed 
static  or  static-induced  electric  field  exceeds  a  present  level. 

The  sensor  was  enclosed  in  an  EMI  shield  (metallic  sandwich  box)  with  a 
small  coupling  hole  of  1/4"  diameter.  It  was  placed  at  a  convenient 
distance  (d)  from  the  induced  spark,  such  that  for  a  given  discharge  voltage 

di 

(peak)  V  and  ramp  rate  (r='Tl)  the  sensor  would  annunciate  the  reception  of 

S  d  t 


EMI.  For  a  given  gap  width  at  the  spark,  it  was  observed  that  the  sensor 
response  level  was  proportional  to  product  of  Vg  and  r. 


The  test  performed  confirms  the  possible  noninvasive  interaction 
between  an  ESD  and  a  nearby  equipment  via  electromagnetic  coupling;  and 
quantitatively,  such  an  interference  is  governed  by  the  arc  gap-width, 
coupling  cross-section  and  the  product  of  Vg  and  r. 


CONCLUSIONS 


From  the  analytical  discussion  presented  before  and  from  the 
experimental  results  obtained,  the  following  conclusions  can  be  inferred: 


1.  Quantification  of  EMI  coupling  reveals  that  the  extent  of  severity 
involved  primarily  depends  on  the  ESD  source  and  the  coupling  through 
the  shield. 


2.  The  intrinsic  lethality  of  the  device  is  mainly  a  function  of  the 
electrothermal  parameters  of  the  junction  in  the  vulnerable  device. 


3.  The  intensity  and  rise-time  of  the  transient  ESD  overwhelmingly  dictate 
the  extrinsic-dependency  of  the  device-lethality. 
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4.  The  present  analysis  also  indicates  that  the  influence  of  ESD  via  EMI  is 
governed  by  the  gap-vidth  (D),  as  experimentally  observed  by  Honda  and 

Kawamura.^ 

5.  The  overall  lethality  of  the  device  is  directly  proportional  to  the 
effective  cross-section  of  the  equipment  exposed  to  the  EMI,  quantified 
via  the  coupling  coefficient,  K. 

6.  Intense  EMI  coupling  would  be  experienced  if  the  ESD  event  is  provoked 
by  short-tips  or  wedges. 

7.  The  implicit  dependency  of  device-lethality  on  the  transient  nature  of 
the  ESD  (expressed  in  terms  of  Tf)  as  evinced  in  the  present  work, 

4 

concurs  with  the  results  due  to  Honda  and  Kawamura  who  expressed  the 
EMI  severity  in  terms  of  the  voltage  and  rate  of  change  of  current 
product  (V  x  dis/dt)  pertaining  to  the  ESD  loop  (Figure  5). 

8.  Lastly,  the  relative  lethality  of  the  device  to  transient  discharges  is 
equal  to  the  square  of  the  relative  rise-times  of  the  transients. 

There  are  two  possible  solutions  against  radiated  interference  from  an 
ESD.  The  first  method  is  simply  to  make  the  overall  equipment  shield  as 
complete  as  possible.  That  is,  making  the  shield  a  nearly  seamless  six- 
sided  box,  would  reduce  or  eliminate  the  internal  fields  induced  by  the 
invading  interference. 


However,  for  cosmetic  reasons,  if  a  complete  metal-housing  is  not 
possible,  the  second  approach  is  to  adopt  second  internal  shields  exclusive 
to  ESD-sensi tive  PCBs  and  connect  the  second  shield  to  the  first  (external 
shield)  at  the  electrical  power  inlet.  By  this  arrangement,  the  outer 
shield  acts  as  radiating  plane  producing  fields  in  its  interior,  the  second 
shield,  at  the  same  time  does  not  have  induced  current  flowing  through  it. 
Similar  effect  can  also  be  activated  by  a  ground-plane  under  the  PCB  or 
multilayer  board  with  a  buried  ground  plane. 
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Coupling  To  A  Circuit:  Experimental 


IMPULSIVE  EMI  RADIATED  BY 
ELECTROSTATIC  DISCHARGES  (ESD) 


An  understanding  of  failure  of  equipment-mounted  devices  due  to  indirect  (noninvasive)  energy  transfei 
from  the  ESD  via  transient  electromagnetic  coupling/interference  warrants  a  unique  modeling. 


Perambur  S.  Neelakantaswamy,  RIT  Research  Corporation,  Rochester,  NY 


INTRODUCTION 
Conventional  studies  on  ESD- 
based  damages  are  usually  restricted 
to  chip-level.1  However,  an  in¬ 
creased  effort  to  investigate  the  sus¬ 
ceptibility  of  equipment  and  subas¬ 
semblies  to  ESD  failures  is  now  un¬ 
derway2,3,  because  such  larger 
systems  expose  prominent  cross-sec¬ 
tions  to  impulsive  electromagnetic  in¬ 
terference  (EMI)  emanating  from  an 
external  ESD  event.4.  That  is,  equip¬ 
ment  in  general  is  potentially  suscep¬ 
tible  to  accept  electromagnetic 
waves  radiated  from  an  external 
ESD  occurring  in  the  vicinity.  There¬ 
fore,  any  sensitive  device  mounted 
within  the  equipment  is  likely  to  be 
damaged  by  absorbing  the  interfer¬ 
ing  electromagnetic  energy  which 
penetrates  through  apertures  (on  the 
equipment-shielding)  and/or  is  cou¬ 
pled  via  conductor  surfaces,  connec¬ 
tors,  etc.  Eventually,  circuit  malfunc¬ 
tioning  and/or  equipment  break¬ 
down  can  occur,  depending  on 
whether  the  failure  is  latent  or  cata¬ 
strophic.  The  appearance  of  "ghost- 
bits"  and  "bit-dropouts”  in  comput¬ 
ers  and  "sneaky”  equipment  failures 
in  production  lines,  inspection  de¬ 
partments,  at  the  stockroom,  while 
in  -transit  or  in  the  field  can  be 
largely  attributed  to  such  ESD-based 
electromagnetic  influences.5 

To  quantitatively  evaluate  the 
cause  effect  relationship  in  the  fail¬ 
ure  mode  described  above,  it  is  es¬ 
sential  to  develop  an  EMI  model  rep¬ 
resenting  the  ESD-excited  electro¬ 
magnetic  wave,  its  coupling  to 
devices  via  equipment/subassembly 
cross-section(s)  and  the  resulting 
damage.  This  article  proposes  a 
model  to  portray  exclusively  the  im¬ 
plicit  (EMI-based)  ESD-todevice  in¬ 
teraction  in  contrast  with  the  existing 
models  (human-body  model6, 
charged-model  device7,  and  field-in¬ 
duced  model8)  which  rather  describe 
the  direct  (contact-based)  interactive 
damages. 


Figure  1.  ESD:  Human-Body  Model. 

ESD  MODELS 
The  electrostatic  discharge  (ESD) 
phenomenon  that  plagues  the  mod¬ 
ern  electronics  industry  as  a  new  con¬ 
taminant  is  normally  simulated  by 
three  well  established  models6-7-8  de¬ 
scribing  the  device  to  ESD  interac¬ 
tions.  The  human-body  model6 
shown  in  Figure  1  depicts  the  trans¬ 
fer  of  static  from  a  charged  person  to 
ground  via  the  test  device.  A 
charged-device  model7  (Figure  2) 
represents  the  bleed-off  of  accumu¬ 
lated  charges  (which  otherwise  "nor¬ 
mally  stay  put  as  puddles"  upon  the 
device-surface)  to  ground  through 
the  pin(s)  and/or  conductive  parts  of 
the  active  device.  The  third  modei8 
simulates  the  effect  of  the  charge 
distribution  and  discharge  when  a  de¬ 
vice  is  exposed  to  a  static-electric 
field  (Figure  3). 


In  general,  ESD  threats  modeled 
as  per  Figures  1  to  3  are  conceived 
and,  supposedly,  experienced  only  r 
isolated  devices;  that  is,  in  tFncr  r>( 
vices  which  are  not  subasscmbled  oi 
mounted  on  PCBs  of  the  equipment 
This  presumption  is  somewhat  inco: 
rect,  and  as  pointed  out  by  Frank*,  it 
is  a  "myth"  to  presume  "an  ESD 
sensitive  component  cannot  be  dam 
aged  once  it  is  installed  on  a  circuit 
board."  Notwithstanding,  in  the  ex¬ 
isting  practice,  the  survivability  as¬ 
sessment  of  electronic  systems  unde 
electrical  overstress  (EOS)  arising 
from  ESD  has  been  invariably  re¬ 
stricted  to  an  analysis  of  isolated 
components  only  and  failure  preven¬ 
tion  measures  have  been  prescribed 
accordingly  —  only  to  the  handling 
and  usi  of  isolated  devices.  Further 
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Figure  2.  ESD:  Charged-Device  Model. 


Figure  3  ESD:  Field-Induced  Model 


failure  threshold  studies  and  protec¬ 
tive  circuit  designs  have  been  mostly 
based  on  anticipated  ESD  threats  ex¬ 
clusive  to  unmounted/isolated  de 
vices 

However,  case  studies  reveal  that 
devices  mounted  on  printed  circuit 
boards  (PCBs)  in  equipment  would 
experience  high  failure  rates  under 
ESD  environments  despite  exercis¬ 


ing  the  prescribed  precautionary 
measures.  For  example,  as  indicated 
by  Thompson2,  non-observance  of 
ESD  protective  measures  in  handling 
and  using  certain  costly  replace::. ent 
subassemblies  of  tactical  systems, 
like  missiles,  resulted  in  excessive 
loss  and  warranted  frequent  field  re 
pairs. 

Not  taking  care  to  protect  ESD 


sensitive  components  from  the  dam-  J 
age  after  they  have  been  installed  in  1 
equipment  can  also  result  in  perfor-  j 
mance  degradation  of  the  unit,  as 
pointed  out  by  Frank9,  referring  to  a 
case  of  a  scientific  calculator  being  J 

unabie  to  retain  the  programmed  '■ 

memory  when  necessary  handling  ' 

procedures  were  not  followed.  1 

More  evidence  on  ESD-induced  J 

damage  to  integrated  circuits  on  i 

PCBs  has  recently  been  furnished  by  J 

Shaw  and  Enoch10  with  experimen¬ 
tal  data  pertaining  to  the  sensitivity  , 
to  ESD  transients  of  a  batch  of  octal-  ; 
latch  integrated  circuits  mounted  on 
a  printed  circuit  board.  Their  experi¬ 
ments  reveal  that  the  high  static  pro¬ 
pensity  of  PCBs  would  lead  to  an 
ESD  transient  sufficiently  large  to 
cause  catastrophic  damage  in 
mounted  devices.  Recently,  the  au¬ 
thor  has  also  studied3  the  susceptibil¬ 
ity  of  PCB-mounted  devices  to  fail¬ 
ures  caused  by  ESD  and  indicated 
the  higher  vulnerability  of  subassem¬ 
bled  structures. 

EMI  MODEL 

In  ESD  problems  related  to  subas¬ 
sembled  and/or  equipment-mount¬ 
ed  devices,  the  threat  would  arise 
not  only  from  direct/contact-based 
bleed-off  of  electrical  charges,  but 
from  noninvasive  electromagnetic 
coupling  as  well  (Figure  4).  That  is,  as 
mentioned11  in  DOD-HDBK-263, 
electromagnetic  pulses  (BMP)  caused 
by  ESD  in  the  form  of  a  spark  can 
cause  part  failures  in  equipment. 

The  following  analysis  will  enable 
a  simulation/modeiing  to  represent 
such  noninvasive  ESD-based  EM! 
threats.  An  ESD  event  is  considered, 
say,  from  a  finger-tip  in  the  vicinity  of 
a  circular  aperture  on  a  piece  of 
equipment  (shielded)  as  illustrated  in 
Figure  5.  For  the  purpose  of  analy¬ 
sis,  the  finger  is  regarded  as  a  dielec 
trie-wedge  (insert,  Figure  5)  inducing 
an  intense  electric  field  in  the  dis 
charge  gap.  The  propagating,  Iran 
sient  electromagnetic  field  generate.1 
at  the  gap  can  be  represented  hv  v  • 
hghtning  function  as  follows 

e,(t)  =  E,[exp(-  At)  -  i 

with  A  and  B  being  <  •  v  * 
dent  on  the  rise  an  i  .  .  a .  ■ 
the  impulse  riet  f.  :: 
tude  F;  at  th.-  . 
charge  q.ip  w  ; 
wll-'i  e  P  !'  -. 
na’.-meh  : 
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the  wedge-angle  (a)  and  on  the  ratio 
of  dielectric  constants,  «2/<i-  The 
electric  field  Ei  becomes  singular  at¬ 
taining  infinitely  large  magnitude  as 
D  approaches  zero.  This  enhanced 
local  field  (Ei)  due  to  the  wedge-like 
structure  of  the  finger  can  be  evalu¬ 
ated  by  the  Meixner  analysis.12 

As  the  induced  field  is  intercepted 
by  the  circular  aperture  on  an  (invari¬ 
ably)  grounded  and  charge-free 
equipment  shield,  the  corresponding 
electromagnetic  wave  interior  to  the 
shielding  is  related  to  the  exterior 
field  components  by  means  of  a  cou¬ 
pling  coefficient  (K)  given  by13 


K  =  1  /  tt(80  —  (sin0oJ/i  — f'sin20o,/2 
+  (sin30o/6) 

(2) 


where  60  is  the  semiangular  width  of 
the  circular  aperture,  assumed  to  be 
located  on  a  large,  hollow,  spherical 
shield  (Figure  5)  of  radius,  p. 

The  penetrated  EMI  is  incident  on 
a  lossy  dielectric  sphere  (of  micro¬ 
scopic  dimension)  representing  the 
vulnerable  part  ("hot-spot”)  in  the 
microelectronic  device,  presumed  to 
be  located  at  the  center  of  the  spheri¬ 
cal  shield.  The  peak  absorbed  ener¬ 
gy  (W)  at  the  dielectric  sphere  (with 
complex  permittivity  equal  to  c  —  jf) 
can  be  determined  by  the  spherical 
wave  expansion  technique  (Mie  solu¬ 
tion)  of  Stratton14  with  appropriate 
boundary  conditions  and  small  argu¬ 
ment  approximations  and  by  ex¬ 
pressing  the  EMI  field  in  the  frequen¬ 
cy  domain  through  the  Fourier  trans¬ 
form  method.  The  result  is 

W~(47ra3/3)<rK2Ei  I  F(R,0,$|2 
(B— A)2/(B  +  A) 


where  a  =  ox and, 

|f(R,0,$)|2  =  [9/(f'2  +  c"2) 

+  0.4(koa/2)2] 


(3) 


(4) 


with  k, 
tion  constant. 


o  being  the  free-space  propaga- 


If  Aj  is  the  junction  area  in  the 
device,  W/Ajt0  would  refer  to  the 
average  power  density  over  a  pulse 
duration,  t0.  Presuming  that  the  fail¬ 
ure  occurs  at  t<j,  the  quantity 
W/Aj r0  can  be  equated  to  the 
Wunsch-Bell's  limit15  of  catastrophy 
(due  to  junction  burnout)  and  the  cor¬ 
responding  result  yields  an  expres¬ 
sion  for  the  damage-time  (tj)  as: 


la  =  to2Aj2{T„ 


TdVk^oCJ/W2 


(5) 
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Figure  4.  EMI  Due  to  Static  Effects. 


Figure  5.  ESD-Based  EMI:  Modeling. 
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w  ere  Tm  and  T|  are  the  melting 
point  and  initial  temperature  of  the 
device,  respectively;  further,  the 
quantities  kd,  p0  and  Cp,  refer  to  ther¬ 
mal  conductivity,  density,  and  specif¬ 
ic  heat  of  the  device  material,  respec¬ 
tively- 

The  results  on  damage-time  (td)  as 
a  function  of  the  rise  time  (rr)  of  the 
excited  transient  field  (Equation  1) 
indicate  that  the  relative  damage- 
time  tdi/td2  (corresponding  to  two 
rise  times,  namely,  rr i  and  772)  is  ap¬ 
proximately  equal  to  (rri/rr2)2  as¬ 
suming  that  the  pulse  duration  (r0  is 
constant  and  ror  is  equal  to 
|og,(B/A)/(B-A).In  thecomputation, 
the  value  ot  ko  was  taken  approxi¬ 
mately  equal  to  2ir/crr  (with  c  being 
the  free-space  velocity  of  the  electro¬ 
magnetic  wave);  further,  the  square- 
law  relation  between  the  relative  val¬ 
ues  of  td  and  rr  is  found  to  be  valid, 
irrespective  of  the  material  of  the 
device  (i.e.,  either  silicon  or  GaAs). 

The  author  has  indicated  else¬ 
where16  that  the  relative  damage¬ 
time  directly  specifies  the  lethality 
endurance  coefficient  (LEF)  of  the 
device.  Hence,  it  follows  from  the 
pri  sent  analysis  that  the  LEF  is  equal 
to  (rri/Tr2)2. 


EXPERIMENTAL  STUDIES 

As  radiated  interference  results 
from  discharges  to  nearby  conduct¬ 
ing  objects,  the  currents  flowing 
through  the  conducting  surface  cre¬ 
ate  transient  electromagnetic  waves 
which  can  be  picked  up  and  inter¬ 
preted  as  valid  signals  by  wires  act¬ 
ing  as  antennas;  or,  the  interference 
can  directly  invade  the  devices  caus¬ 
ing  catastrophic  or  latent  failures. 
The  extent  of  lethality  is  governed  by 
the  analysis  previously  indicated. 

The  existence  of  ESD-based  EM! 
can  be  verified  by  an  experiment  sim¬ 
ulating  the  ESD-sparking  environ¬ 
ment.  ESD  spark  testing11,  per  DOD- 
HDBK-263,  can  be  performed  by  dis¬ 
charging  the  ESD  in  the  form  of  a 
spark  across  a  spark-gap  sized  for 
•be  ESD  test  voltage  or  by  slowly 
bringing  the  high  voltage  test  lead  of 
the  test  circuit  close  to  the  case  or 
electrical  terminal  of  an  operating 
ESD-sensitive  item  until  the  voltage 
Is  discharged  in  the  form  of  an  arc. 

More  elaborate  test  methods  have 
been  described  by  Honda  and 
Ogura17  who  utilize  time-domain  and 
lfequency-domain  methods  for  quan¬ 
titative  prediction  of  ESD-based  EMI. 

A  simple  arrangement,  depicted 
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Figure  6.  Principle  of  Simulating  ESD-Based  EMI. 


-—S 


STATIC  1 
SENSOR  . 
PLATE  I 


DEVICE/CIRCUIT 


LEO  4- 

RITRIC  DISPLAY 

-1000  ntr 

TEST-BOARD 


EMI 

SHIELDING 


GROUNO  - 
PLATE 


(IMCS  HOOR  2  £00 1 

ELECTROSTATIC 

INTERFERENCE 

SIMULATOR 


I  HUMAN 
BODY 
ZAP 

SIMULATOR  I 


Figure  7.  ESD-Induced  EMI  Coupling  to  a  Circuit:  Experimental  Setup. 


in  Figure  6  and  Figure  7,  is  described 
to  simulate  the  test  studies  under 
discussion.  A  human-body  zap  simu¬ 
lator  is  used  to  establish  the  spark 
across  a  metal  tip  and  a  grounded 
metal  sheet.  The  simulator  can  pro¬ 
vide  positive  or  negative  25  V  to  25 
kV  peak,  single  or  sequenced  (5  or 
10)  pulses  with  variable  ramp-up  rate 
of  5  to  25  kV/sec.  The  pulse  mode 
operation  corresponds  to  the  hu¬ 
man-body  ESD  of  Figure  1. 

The  equipment/subassembly  is 
simulated  by  a  portable,  miniaturized 
static  sensor  (originally  developed  to 


evaluate  the  efficacy  of  ESD-protec- 
tion  bags)  mounted  on  a  PCB  with  an 
associated  circuitry  to  respond  with 
audio  (buzzer)  and  video  (LED)  an- 
nunications  when  the  sensed  static  or 
static-induced  electric  field  exceeds  a 
present  level.  The  sensor  was  en¬ 
closed  in  an  EMI  shield  (metallic  sand¬ 
wich  box)  with  a  small  coupling  hole 
of  launch  diameter.  It  was  placed  at  a 
convenient  distance  (d)  from  the  in¬ 
duced  spark,  such  that  for  a  given 
discharge  voltage  (peak)  Vs  and 
ramp  rate  (r  =  dis/dt)  the  sensor 
would  annunciate  the  reception  of 
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EMI.  For  a  given  zap  width  at  the 
spark,  it  was  observed  that  the  sen¬ 
sor  response  level  was  proportional 
to  the  product  of  Vs  and  r. 

The  test  performed  confirms  the 
possible  noninvasive  interaction  be¬ 
tween  an  ESD  and  nearby  equip¬ 
ment  via  electromagnetic  coupling, 
and  that  quantitatively,  such  an  inter¬ 
ference  is  governed  by  the  arc  gap- 
width,  coupling  cross-section  and  the 
products  of  Vs  and  r. 

CONCLUSIONS 

From  the  analytical  discussion 
previously  presented  and  from  the 
experimental  results  obtained,  the 
following  conclusions  can  be  in¬ 
ferred: 

1.  Quantification  of  EMI  coupling 
reveals  that  the  extent  of  sever¬ 
ity  involved  primarily  depends 
on  the  ESD  source  and  the  cou¬ 
pling  through  the  shield. 

2.  The  intrinsic  lethality  of  the  de¬ 
vice  is  mainly  a  function  of  the 
electrothermal  parameters  of 
the  junction  in  the  vulnerable 
device. 

3.  The  intensity  and  rise  time  of 
the  transient  ESD  overwhelm¬ 
ingly  dictate  the  extrinsic  de¬ 
pendency  of  the  device-lethality. 

4.  The  present  analysis  also  indi¬ 
cates  that  the  influence  of  ESD 
via  EMI  is  governed  by  the  gap- 
wdth  (D),  as  experimentally  ob¬ 
served  by  Honda  and  Kawa- 
mura-4. 

5.  The  overall  lethality  of  the  de¬ 
vice  is  directly  proportional  to 
the  effective  cross-section  of 
the  equipment  exposed  to  the 
EMI,  quantified  via  the  coupling 
coefficient,  K. 

6.  Intense  EMI  coupling  would  be 
experienced  if  the  ESD  event  is 
provoked  by  short-tips  or 
wedges. 

7.  The  implicit  dependency  of  de- 
vice-lethality  on  the  transient 
nature  of  the  ESD  (expressed  in 
terms  of  r,)  as  evinced  in  the 
present  work,  concurs  with  the 
results  of  Honda  and  Kawa- 
mura4  who  expressed  the  EM! 
severity  in  terms  of  the  voltage 
and  rate  of  change  of  current 
product  (V,  x  dis/dt)  pertaining 
to  the  ESD  loop  (Figure  5). 


8.  Lastly,  the  relative  lethality  of 
the  device  to  transient  dis¬ 
charges  is  equal  to  the  square 
of  the  relative  rise  times  of  the 
transients. 

There  are  two  possible  solutions 
against  radiated  interference  from  an 
ESD.  The  first  method  is  simply  to 
make  the  overall  equipment  shield  as 
complete  as  possible.  That  is,  mak¬ 
ing  the  shield  a  nearly  seamless  six- 
sided  box  would  reduce  or  eliminate 
the  internal  fields  induced  by  the  in¬ 
vading  interference. 

However,  for  cosmetic  reasons,  if 
a  complete  metal  housing  is  not  pos¬ 
sible,  the  second  approach  is  to 
adopt  second  internal  shields  exclu¬ 
sive  to  ESD-sensitive  PCBs  and  con¬ 
nect  the  second  shield  to  the  first 
(external  shield)  at  the  electrical  pow¬ 
er  inlet.  By  this  arrangement,  the 
outer  shield  acts  as  a  radiating  plane 
producing  fields  in  its  interior.  The 
second  shield,  at  the  same  time,  does 
not  have  induced  current  flowing 
through  it.  A  similar  effect  also  can 
be  activated  by  a  ground  plane  under 
the  PCB  or  multilayer  board  with  a 
buried  ground  plane. 
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The  endochronic  degradation  ml  HO *  deticee  arialnf  froa  the  global  reaponaa  of  the 
device  paraaetera  collectively  da  ter ier at  inf  under  the  repetitive  influence  of  electrical 
everetreeaea  (at  tubca t a  a t roph ic  levelal  auch  aa  e lee t roa t a t ic  dlacharfe  (ESDI, 
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Life-tine  atudiea  depictinq  the  defradation  ef  a  teat  device  are  preaented.  Coaputed  and 
eapermental  data  are  furnirhed. 


INTRODUCTION 

Studies  on  (atc-oirldc  degradation  of 
electrically  overstressed  NOS  devices  subjected 
to  ESD/ENF  envlronaents  are  useful  to  establish 
design-reviews  required  to  achieve  reduced  device 
Instabilities  and  iaproved  perfornance 
reliability. 

The  effect  of  electrical-overstresslng  of  ; 
gate-oxides  priaarlly  causes  charge-t rapping  la  , 
the  oxide-region  together  with  the  corresponding 

changes  in  the  interface  slates.1  In  general, 
intensity,  polarity  and  the  rate  of  occurance  of 
overstressing  voltages  vould  deteraine  the  extent 

of  damage  to  the  insulator  Integrity.1  While  : 
high-level  saps  vould  cause  oxide  punctnre(a) 
vlth  catastrophic  (Irreversible)  danagee, 
subcatastrophlc  transients  occuring  repeatedly 
■ay  cause  a  cumulative  grovth  of  device 
degradation  and  the  tiae-dependent  or  endochronic 
danage  of  the  device  vould  be  reflected  la 

measurable  parameters,1  such  as  transconductance 
(g  ),  threshold  voltage  ( V{ ) ,  etc.  Inasnuch  as 

all  the  degrading  device  paraeeters  are 
interdependent,  the  cohesive  daaage  of  the  device 
should  be  assessed  by  an  appropriate 
characteristic  function  vhich  collectively 
represents  the  net  physical  daaage  due  to 
overstressings.  It  Is  presently  demonstrated 
that  noise  characteristics  can  depict  the  global 
representation  -  of  the  stochastlcal  variations  in 
charge-trapping  and  interface  generation  under 
external  overstressingsi  and  noise  measurements 
of  degraded  devices  can  therefore  be  useful  for 
accelerated  test  procedures  adopted  in  llfe-li»e 
modeling  strategies. 

TUE0RET1CAL  CONSIDERATIONS 

The  ESD  phenomena  normally  encountered  can 
be  simulated  by  three  veil-established  eodels, 

namely,*  (■)  human-body  model,  (b)  charged- 
device  model,  and  (e)  field-induced  model.  The 
human-body  model  (fig.  1)  deplete  the  treniler  ef 


static  from  a  charged  individual  to  ground  via 
the  teat  device. 

Charged-device1  model  represent#  the  bleed- 
off  of  accumulated  charge  upon  the  device-surface 
to  ground  through  the  pin  and  conductive  part*  of 
the  active  device  (Fig.  2).  The  third  model 
eimulatea  the  effect  of  the  charge  diatrlbutlon 
and  dieeharge  vhen  a  device  is  exposed  to  a 
static-electric  field  (Fig.  3). 
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Vhen  a  KOS  device  la  subjected  to  aa 
electrical  overs treating  at  the  gats  due  to  an 
lepulslve  transient  caused  by  an  ISO  (or  an  EM?), 
(he  corresponding  induction  of  eharfe-trtppinf 
and  feneration  of  interface  states  can  be 
equivalently  represented  by  an  input  noise 

resistence  given  by* 
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experlaental  results  due  to  Abovltr,  et 
el  (Tlf.  A).  Hence  the  t lae-dependtnt  history  of 
Hj  as  controlled  by  any  external  overstressings 

can  be  tracked  via  the  assessaent  o(  F^. 

The  f ield-elfect  nobility  Is  also  dependent 
on  Hj  and  Is  therefore  linked^'*  vlth  the  device 
paraaeters  ga  and  V{.  Explicitly) 


u.  J_  _J _ 

j*  ‘  U*S  *  f.o  ’  1*«¥C-V«> 


(2) 


Bert  a  and  fi  are  constants  and  g>#  refers  to  the 
value  of  fa  under  unstressed  conditions, 
further,  V.  Is  the  applied  fate  potential. 

V 

Proa  Eq.  (1)  and  (2),  the  folloving  relation 
can  be  obtainedi 
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The  constant  t  has  the  approxiaate  values  of 
0.118  and  0.308  for  the  n-channel  and  p-channel 

XOSFETs,  respectively.* 


FIG  4  SURFACE  Start  DtNSlV  VERSUS 
NOISE  RESISTANCE:  MOS  DEVCE 
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vhere  k  is  'the  Boltzaann  constant,  T  is  (be 
teaperaturt  (*300  K)  and  q  is  the  electronic 

charts.  Further,  t  and  t  are  the  thickness 
OX  ox 

and  the  peralttivity  of  the  gate-oxide, 
respectively)  is  the  surface-state  density  and 

HiW  .  refers  to  the  field-effect  eoblllty  to  lov 
f leld-aoblll ty  ratio. 

Eq.  (1)  indicates  that  is  directly 

proportional  to  Hj  concurring  vlth  the 


EXrERIXEKTM.  STUDIES 


A  typical  n-channel  (enhanceaent  aode) 
HOSrrr  vas  subjected  to  subcatas trophic  raps  at 
its  gate-input  using  a  huaan-body  ESD  siaulator 
(fig.  1).  Variations  of  g#  and  V,  vere  aeasured 

as  the  functions  of  the  nuaber  of  saps. 
Fig.  3  Illustrates  the  relevant  results. 
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FIGS  VARIATION  OF  v,  WITH  RESPECT  ■  F,D 7  DEGRADATION  VERSUS  TIME  UNDER 

TO  NUMBER  Of "ZAPS  TW0  BISTINCT  STRESS  LEVELS 


N01S8  rAKAKSTEK  VESUS  AC  INC  ' 

Using  the  results  presented  in  Fig.  5,  the 
fractions!  change  In  It^  as  a  function  of  the 

nunber  of  taps  (Z)  can  be  calculated  via  Eq.  (3). 
Thus  Fig.  6  depicts  Che  relevant  computed  data 
shoving  that  the  rate  of  variation  of  R^  is 

approxiaatcly  tvlce  as  that  of  ga.  Further, 

"VS.  »•  linearly  proportional  to  Z  confirming 

the  observations  of  Abovits,  at  al.7  Bence,  the 
present  study  Indicates  the  plausibility  of 
assessing  the  EOS-based  degradation  via  noise 
characterisation. 


FIG*  INCREASE  M  NOSE  RESISTANCE  WITH  MJASSER  OF  ZAPS 


AGING  MODEL 

Cuaulative  build-up  of  degradation  vlth  the 
recurrence  of  taps  aaounts  to  a  dormant  stage  of 
failure  during  vhlch  the  device  vould  exhibit  a 
perforaance  degradation  leading  to  out-of-spec 
condition(s).  This  device-aging  can  be  assessed 
by  aeasuring  the  tine  variation  of  a 
nondestructive  property  (p)  such  as  a  noise 
paraaeter  as  Indicated  in  the  present  analysis. 
Suppose  tvo  tlae-varlatlon  curves  are  obtained 
corresponding  to  tvo  distinct  (subcalastrophlc) 
Stress-levels.  The  functional  fora  of  p  vlll  bo 
Independent  of  tha  stress  aagnltude  sad  the  tvo 
curves  vlll  have  the  sane  shape,  but  different 
length  (along  the  tine  axis)  as  shovn  In  Fig.  7. 
The  tlaes  corresponding  to  saae  (extent  of)  aging 
under  tvo  distinct  stress  levels  can  be  denoted 
as  tj  and  lj  (Fig.  7)  and  are  knovn  as 
a 

'equivalent  tlaes.*  By  the  application  of 
’equivalent  aging  principle,*  It  la  possible  to 
relate  the  equivalent  tlaes  in  terns  of  their 
corresponding  stress  levels,  naaely,  Vj  and  V^. 

9 

It  is  given  by 

V "  tj  .  t?  .  Kj  (Constant)  (A) 

vhere  n  is  the  endurance  coefficient.  Eq.  A  can 
also  be  vritten  in  terms  of  the  average  nuabers 
of  saps  Zj  and  Zj  occurred  during  the  period  t^ 

and  tj,  respectively.  That  Is, 

Zj  .  Zj  -  Ej  (Constant)  (5) 


Thus,  fros  Eq.  A  or  5,  for  a  given  severity 
level,  the  corresponding  value  of  fellure-tlae 
(or  average  nuaber  saps  during  the  period  of 
fallure-tlae)  can  be  assessed  by  deteraining  the 
values  of  o  and  K. 


ACRNOVLEDCEXENT 


Further,  the  device  reliability  relevant  to 
the  endochronlc  degradation  can  be  aodeled  by 
assualng  that  degradation  rate  la  proportional  to 

the  existing  degradation.'^  The  proportionality 
constant  Is  a  positively  distributed  randoa 
variable  and  the  extent  of  degradation  vould  tend 
to  be  asyaptotically  log-noraal.  Renee  the 
general  (ora  of  life  distribution  Z  (nuaber  of 
zaps)  la  given  by 

ln(p  )->A 

C(2.pc)  •  !-♦  t - )  (6) 


vhere  f  la  the  standard  noraal  distribution  and 

Pc  *  r  -  r£.  Here  r  •  BR^/R^  »nd  the  su((lx  c 

depicts  the  critical  value  of  r.  Further  In  (p£) 

has  a  aean  value  of  and  a  standard  deviation  of 

«•  This  log-noraal  aspect  of  llfe-tlae 

statistics  as  applied  to  endocronlc  degradation 
has  been  verified  by  the  authors  (vlth  the  HOS 
input  leakage  current  as  the  control  paraaetcr, 

p)  and  the  results  are  presented  elsewhere." 

CONCLUSIONS 

Froa  the  results  presented  here,  the 
folloving  conclusions  can  be  Inferrcdi 

1.  Noise  paraaetcr  changes  in  a  NOS 
device  subjected  to  electrical  overstressings 
represent  the  global,  tiae-dependent 
degradation. 

3.  Such  noise  paraaetcr  variation  expressed  in 
terns  of  the  fractional  change  In  the  noise 
resistance  (R^),  is  explicitly  related  to  tvo 

najor  MOS-devlce  paraaeters,  naaely,  g  and 
V,  (Sq.  3). 

3.  The  rate  of  change  of  R^  vlth  respect  to  the 
nuaber  of  zaps  is  approxlaately  linear. 


*•  Further,  this  rate  of  change  of  It^  la 

approxlaately  tvlce  the  corresponding  change 
in  gm. 

3.  Using  nR^/R^  as  a  control  paraaetcr  (p),  the 

principle  of  equivalent  aging  can  be  applied 
to  HOS  degradation  for  accelerated  aging 
studies. 

6.  The  degradation  process  ean  be  aodeled  vlth 
log-noraal  distribution  for  relevant  llfetlae 
statistical  analysis. 
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ABSTRACT  -  Design-revievs  required  to  achieve 
iaproved  performance  reliability  warrant  the 
assessment  of  gate-insulator  degradation  in  aetal- 
oxide  semiconductors  (HOS)  subjected  to  electrical 
overstressing  (EOS)  environments  involving 
electrostatic  discharges  (ESD)  and/or 
electromagnetic  pulsing  (ENP).  The  collective 
response  of  all  the  degrading  parameters  of  the 
stressed  devices  can  be  cohesively  studied  via  noise 
performance  characteristics,  as  indicated  in  the 
present  analysis.  The  global  influence  of 
overstressing  quantified  in  terms  of  degrading  noise 
parameters  is  useful  in  life-time  prediction 
efforts.  Relevant  test  calculations  and 
experimental  data  are  presented. 

INTRODUCTION 

Assessment  of  gate-insulator  degradation  in 
metal-oxide  semiconductor  (HOS)  devices  caused  by 
electrical  overstresses  (EOS),  such  as  electrostatic 
discharge  (ESD),  electromagnetic  pulsing  (EHP), 
etc.,  is  essential  for  necessary  design-reviews 
required  to  achieve  reduced  device-instabilities  and 
improved  performance  reliability. 

The  primary  effect  of  electrical  overstressing 
is  to  cause  a  charge- trapping  phenomenon  in  the 
gate-oxide  film  [1).  The  extent  of  gate-oxide 
degradation  arising  from  electrical  overstressing 

would  depend  on  the  cumulative  magnitude  of  charge¬ 
trapping  and  the  corresponding  changes  in  the 
interface-states;  and  hence,  It  is  directly 
dependent  on  the  intensity  and  rate  of  occurrence  of 
electrical  overstressings. 

In  the  existing  studies  (1,2)  on  gate-oxide 
degradation,  the  parameters  normally  considered  to 
characterize  the  influence  of  overstressing  and  the 
resulting  charge-tr.apping/surface-state  effects  are 
[31,  («)  device  transconductance,  g  ;  (b)  gate- 

current  due  to  pumped-in  charges,  I  ;  (c)  gate- 

oxide  capacitance,  CQx;  and  (d)  threshold  voltage, 

V  Inasmuch  as  the  aforesaid  parameters  are 

largely  interdependent,  the  estimation  of  one  of 
these  parameters  (to  depict  the  degradation)  as  a 
function  of  overstressing  does  not  explicitly 
account  for  the  deviatory  characteristics  of  the 
rest  of  the  parameters. 

Bence,  it  ia  purported  in  the  present 
investigations  to  develop  a  new  and  cohesive 
formulation  in  terms  of  noise  performance  of  the  NOS 
device  to  characterize  the  overall  degradation  due 
to  overstressing.  The  noise  characteristics  of  a 
HOS  device  would,  in  general,  depict  the  collective 
response  of  all  the  degrading  parameters.  This  is 
because  the  net  effects  of  charge-trapping  and  the 


associated  occupation  of  surface  states  can  be 
viewed  as  random/fluctuating  phenomena  which 
manifest  as  the  device-noise  with  a  typical  1/f  type 
pover-spectrum.  That  is,  noise  characterization 
would  present  the  global  Influence  of  overstressing 
unlike  the  other  parameters  (specified  earlier) 
which  vould  rather  represent  the  partial  effects 
only. 

In  the  present  studies,  an  analytical 
formulation  relating  the  charge-trapping  and  the 
electrical  overstressing  is  derived  in  terms  of  an 
equivalent  noise  resistance.  Measured  data  acquired 
from  a  typical  MOS  integrated  circuit  subjected  to 
electrical  overstressings  are  presented. 

ANALYSIS 

The  ESD  phenomena  normally  encountered  car,  be 
simulated  by  three  vell-knovn  models,  namely,  (a) 
human-body  model  [4],  (b)  charged-device  model  [5], 
and  (c)  field-induced  model  (6).  The  human-body 
model  (Fig.  1)  depicts  the  transfer  of  static  from  a 
charged  Individual  to  ground  via  the  test  device. 
Charged  device  model  represents  the  bleed-off  of 
accumulated  charge  upon  the  device-surface  to  ground 
through  the  pln(s)  and  conductive  parts  of  the 
active  device  (Fig.  2).  The  third  model  simulates 
the  effect  of  the  charge  distribution  and  discharge 
when  a  device  is  exposed  to  static  electric  field 
(Fig.  3). 


FIG  1  :  HUMAN -BODY  MOCEL 
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permittivity  of  the  gate-oxide,  respectively;  is 
the  surface-state  density  andps  /p.Q  re**rs  t0  the 
field-effect  mobility  to  low-field  mobill ty-rat io. 

Eqn.  (1)  indicates  that  R^  is  directly 

proportional  to  Ns  concurring  with  the  experimental 

results  due  to  Abovitr,  et  al  1 7 J ,  (Fig.  4).  Hence 
the  endochronic  history  of  Ns  as  dictated  by 

external  overstressings  can  be  tracked  via  noise 
parameter  measurements. 
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Flu  3  FIE LC  -  INDUCED  MODE: 


The  field-effect  mobility  is  itself  dependent 
on  Na  as  veil  as  on  the  other  device  parameters, 

namely,  the  transconductance  (g  )  and  the  threshold 

■ 

voltage  (V{).  Explicitly,  by  using  the  results  of 
Hsu  and  Tam  [3]  and  Akers,  et  al  (8],  one  obtains 


1  *  P(V  -V  ) 

B>0  g  t 


Vhen  a  HOS  device  is  subjected  to  electrical 
overstressings  at  the  gate  due  to  impulsive 
transients  caused  by  electrostatic  discharges  (ESD), 
the  corresponding  induction  of  charge-trapping  and 

generation  of  interface-states  can  be  specified  in 
terms  of  the  stochastical  aspects  of  charge- 
accumulation  represented  by  the  device  noise 
characteristics.  Than  is,  under  identical  pumped-in 
current  by  repetitive  transients,  Leventhal  [6)  has 
shovn  that  the  resulting  input  noise  resistance  R^ 

is  given  by 

■Si  -  <#>  a) 

ox  J*o 

where  k  is  the  Boltxman  constant,  T  is  the 
temperature  (-  300  K)  and  q  is  the  electronic 

charge.  Further,  t  and  c  are  the  thickness  and 
OX  ox 


vhere  a  and  g  are  constants  and  g  refers  to  g 

■O 

under  unstressed  conditions.  Further,  V  is  the 

g 

applied  gate  potentials. 

Combining  Eqs.  (1)  and  (2),  the  following 
relation  is  obtained  for  the  fractional  values  of 

V  vt  ind  V 


“n 

“5 


^  (rrr> 


KIPERI  MENTAL  STUDIES 


A  typical  n-channel  (enhancement  mode)  HOSFET 
vas  subjected  to  subcatastrophic  saps  at  its  gate- 
input  using  a  human-body  simulator  (Fig.  1). 
Variations  of  g^  and  measured  as  the  functions  of 

the  number  of  saps.  Fig.  5  illustrates  the  relevant 
results. 


\  V_S  A  *w  V 


■:0V. 


fora  of  p  vill  be  independent  of  the  stress 
magnitude  and  the  tvo  curves  vill  have  the  saae 
shape,  but  different  length  (along  the  time  axis)  as 
shovn  in  Fig.  7.  The  times  corresponding  to  same 
(extent  of)  aging  under  tvo  distinct  stress  levels 
can  be  denoted  as  t^  and  tj  (Fig.  7)  and  are  known 

as  'equivalent  tiaes"  |9).  By  the  application  of 
’equivalent  aging  principle,’  it  is  possible  to 
relate  the  equivalent  tiaes  in  terns  of  their 
corresponding  stress  levels,  naaely,  and  V^.  It 

is  given  by  [9] 


V?  ti  -  t,  -  Kl  (Constant) 


(4) 


where  n  is  the  endurance  coefficient.  Eqn.  4  can 
also  be  written  in  teras  of  the  average  numbers  of 
zaps  Z^  and  Z^  occurred  during  the  period  t^  and  t j , 

respectively.  That  is, 


Zj  -  Kj  (Constant) 


(5) 


10  NUM8ER  OF  ZAPS 


NOISE  PARAMETER  &  AGING  MODEL 

The  fractional  change  in  R^  as  a  function  of 

the  nuaber  of  zaps  can  be  calculated  using  Eqn.  (3) 
and  the  measured  data  of  Fig.  3.  The  corresponding 
results  are  presented  in  Fig.  6. 


NO  OF  zafsizi  — — 

FIG  6  INCREASE  IN  NOISE  RESISTANCE  WITH  NUMBER  CF  ZAPS 


Thus,  froa  Eqn.  4  or  5,  for  a  given  severity  level, 
the  corresponding  value  of  failure-time  (or  average 
nuaber  zaps  during  the  period  of  failure-time)  can 
be  assessed  by  determining  the  values  of  n,  and 


FIG  7  DEGRADATION  VERSUS  Til'S  UIIDEA 
TWO  DISTIMCT  STRESS  LEVELS 


From  the  data  presented  in  Fig.  6,  it  can  be 
ascertained  that  OR^/R^  is  linearly  proportional  to 

Z  (number  of  zaps),  closely  agreeing  with  the 
observations  by  Abovitz,  et  al  (7).  Further,  the 
rate  of  change  of  R^  is  approximately  tvice  as  that 

of  ga-  That  is,  the  degradation  can  be  more 

accurately  assessed  in  teras  of  noise  parameter 
aeasureaents  than  by  g^  determination. 

Cumulative  build-up  of  degradation  with  the 
recurrence  of  zap*  amounts  to  a  dormant  stage  of 
failure  during  vhich  the  device  would  exhibit  a 
performance  degradation  leading  to  out-of-spec 
condltlon(s).  This  device-aging  can  be  assessed  by 
measuring  the  time  variation  of  a  nondestructive 
property  (p)  such  as  a  noise  parameter  as  indicated 
in  the  present  analysis.  Suppose  tvo  time-variation 
curves  are  obtained  corresponding  to  tvo  distinct 
(subcetastrophlc)  stress-levels.  The  functional 


Further,  the  device  reliability  relevant  to  the 
endochronic  degradation  can  be  modeled  by  assuming 
that  degradation  rate  is  proportional  to  the 
existing  degradation  [10|.  The  proportionality 
constant  is  a  positively  distributed  random  variable 
and  the  extent  of  degradation  vould  tend  to  be 
asymptotically  log-normal.  Hence  the  general  fora 
of  life  distribution  Z  (number  of  zaps)  is  given  by 


ln(p  )-fl 

G(Z,P(.)  -  !-♦  [ - f - ] 


(6) 


where  f  is  the  standard  normal  distribution  and  p£  - 
r  -  rfi.  Berm  r  -  th*  c  depicts 
the  critical  value  of  r.  Further  In  (pc)  has  a  mean 

value  of  P  and  a  standard  deviation  of  a.  This  log¬ 
normal  aspect  of  life-time  statistics  as  applied  to 
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endocronic  degradation  haa  been  verified  by  the 
authors  (vith  the  MOS  input  leakage  current  aa  the 
control  paraaeter,  p)  and  the  results  are  presented 
elsewhere  [11). 


CONCLUSIONS 


Froa  the  results  presented  here,  the  following 
conclusions  can  be  inferred: 


Noise  paraaeter  changes  in  a  NOS  device 
subjected  to  electrical  overstressings  represent 
the  global,  tiae-dependent  degradation. 


Such  noise  paraaeter  variation  expressed  in 
teras  of  the  fractional  change  in  the  noise 
resistance  (Kg))  explicitly  related  to  two 

aajor  HOS-device  paraaeters,  naaely,  g(  and  V{ 
(Eqn.  3). 


3.  The  rate  of  change  of  Rg  with  respect  to  the 
nuaber  of  saps  is  approxiaately  linear. 


Further,  this  rate  of  change  of  kg  is 
approxiaately  tvice  the  corresponding  change  in 


5.  Using  ORg/Rg  as  a  control  paraaeter  (p),  the 

principle  of  equivalent  aging  can  be  applied  to 
HOS  degradation  for  accelerated  aging  studies. 


6.  The  degradation  process  can  be  aodeled  vith  log- 
noraal  distribution  for  relevant  lifetiae 
statistical  analysis. 
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Abstract 
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ionizing  radiations  and  electrical  overstressings.  Relevant  theoretical 
results  and  measured  data  are  presented. 
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ABSTRACT 


Primary  mode  of  failure  and/or  degradation  of  MOSFETs  due  to 
'oxide-charge  and  surface-effects'  can  result  either  from  ionizing 
radiations  or  from  electrical  overstressings.  In  either  case,  the 
resulting  damage  can  be  characterized  by  a  global  parametric  degradation 
specified  in  terms  of  device  noise  characteristics.  That  is,  the  net 
effect  of  charge-trapping  and  the  associated  occupation  of  surface 
states  can  be  viewed  as  random/fluctuation  phenomena  which  manifest  as 
the  device  noise.  Thus  a  common  noise  model  can  be  prescribed  to 
represent  the  analogous  influence  of  ionizing  radiations  and  electrical 
overstressings.  Relevant  theoretical  results  and  measured  data  are 
presented. 


INTRODUCTION 

The  knowledge  of  common  mechanisms  involved  in  the  degradation 
process(es)  due  to  external  stimuli,  such  as  ionizing  radiations  and 
electrical  overstressings,  is  useful,  not  only  in  understanding  the 
interactive  physics  involved,  but  also  will  enable  a  common  hardening 
technique  (process/design)  to  achieve  protection  against  these  stimuli. 
Such  studies  will  further  indicate  a  one-to-one  correlation  (in 
quantifiable  terms)  between  the  intensity/magnitude  of  an  ionizing 
influence  and  an  electrical  overstress  which  may  cause  the  same  extent 
of  damage.  This  equivalence  will  enable  substitution  of  test  method(s) 
to  simulate  failure/degradation  effects.  'Oxide-charge  and  surface- 
effects'  (1,2]  observed  under  the  influence  of  ionizing  radiations  or 
electrical  overstresses  result  from  positive  charge  build-up  in  the 
gate-oxide  due  to  radiation-induced  (or  EOS-induced)  creation  of 
electron-hole  pairs;  and  the  trapping  of  holes  at  the  silicon-to-oxide 
interface  alters  the  device  parameters,  namely,  the  transconductance 
(gm),  MoS  capacitance  (C  )  and  the  threshold  voltage  (VT).  To 

understand  the  physics  of  these  analogous  effects  observed,  the  mode(s) 
of  energy  transfer  from  the  invasive  external  stimulus  to  the  device 
interior,  warrants  unique  modeling  and  analysis  as  discussed  in  this 
paper. 


Inasmuch  as  all  the  degrading  device  parameters  (g  ,  C  and  V_) 

m  i 

are  interdependent,  the  cohesive  damage  of  the  device  would  be  assessed 
by  an  appropriate  function  which  collectively  represents  the  net 
physical  damage  due  to  external  stimulus.  It  is  presently  demonstrated 
that  noise  characteristics  can  depict  the  global  representation  of 
stochastical  variation  ( 3 ]  in  charge-trapping  and  interface  generation 
due  to  the  external  stimuli  (ionizing  radiations  or  EOS);  relevant  noise 
measurements  of  degraded  devices  can  also  be  useful  in  accelerated  test 


procedures  (using  equivalent  EOS  to  simulate  ionizing  radiations) 
adopted  for  life-time  modeling  strategies  and  in  hardening  effectiveness 
evaluation. 

OXIDE-CHARGE  &  SURFACE  EFFECTS 

A  MOS  transistor  can  be  looked  at  as  a  capacitor  with  the  metal 
and  semiconductor  as  the  plates  and  the  gate-oxide  as  the  dielectric. 
Under  ionizing  radiation  conditions,  the  ionization  process  is 

illustrated  in  Fig.  1.  At  t~  =  0  (Fig.  la),  the  condition  prior  to 
irradiation  is  shown.  At  t  =  0  (Fig.  lb),  the  ionizing  energy  is 
delivered  to  the  oxide,  and  the  electron-hole  population  is  generated. 
Immediately  after  ionization,  the  process  of  electron-hole  recombination 
will  occur,  but  so  will  electron  transport.  But  as  electron  mobility  in 

2 

the  oxide  at  room  temperature  is  approximately  20  cm  /V-sec,  and  hole 
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mobility  is  approximately  2  x  10  cm  /V-sec,  under  the  applied  voltage, 
any  electrons  that  do  not  undergo  recombination  will  be  swept  to  the 
gate  and  removed  in  picoseconds,  leaving  behind  the  less  mobile  holes. 
These  holes  will  begin  a  transport  process  toward  the  silicon-to-oxide 
interface  as  shown  in  Fig.  le.  Some  holes  will  pass  into  Si,  while 
others  will  become  trapped  at  defect  centers  very  near  the  interface  of 
the  gate  oxide  and  the  bulk  silicon. 

Fig.  2  depicts  the  shift  in  the  C-V  curve  associated  with  the 
entire  process  and  the  resulting  permanent  shift  due  to  the  trapped 
charge  buildup.  In  the  case  of  the  N-channel  device,  the  trapped 
positive  charge  will  continue  to  build  up  and,  in  effect,  make  it  easier 
to  create  the  N-channel  (inversion  layer).  This  will  lower  the 
threshold  voltage  (Fig.  3).  The  reversal  of  threshold  shift  is  caused 
by  the  saturation  of  surface  traps  and  interface  state  generation  at  the 
silicon-to-oxide  boundary  occurring  at  higher  levels  of  ionizing 
radiations.  This  mechanism  of  interface  state  generation  is  not  well 
understood  at  this  time  except  for  a  simple  theory  that  two  different 
crystal  structures  (silicon  and  oxide)  meet  to  form  an  interface  having 
some  irregularities,  the  number  of  which  increases  with  increased 
irradiation.  In  the  case  of  a  corresponding  P-channel  device,  the 
buildup  will  make  it  more  difficult  to  create  an  inversion  layer  (in  an 
enhancement  mode  P-channel  transistor).  The  effect  of  ionizing 
radiation  on  a  P-channel  threshold  is  shown  in  Fig.  3.  The  net  effects 
of  ionizing  radiation  on  a  MOS  device  as  a  function  of  threshold  shifts 
are  therefore:  N-channel  devices  are  easier  to  turn  on  or  can  actually 
become  depletion  mode;  and  P-channel  devices  become  more  difficult  to 
turn  on. 

Similar  oxide-charge  and  surface-effects  also  appear  when  a  MOS 
structure  is  subjected  to  an  EOS,  say  by  a  (positive)  high-voltage  at 
the  gate.  During  the  high-voltage  pulses,  electrons  are  injected  into 
the  gate-oxide  via  Fowler-Nordheim  tunneling  from  the  Si  substrate,  and 
some  fraction  of  the  injected  electrons  then  create  electron-hole  pairs 
in  the  bulk  of  the  oxide  through  impact  ionization  (Fig.  4a).  The 
resulting  electrons  and  holes  behave  similarly  to  those  generated  by 
ionizing  radiation  in  MOS  structures  under  positive  (worst-case)  bias 
(Fig.  4b):  Most  of  the  electrons  are  swept  out  of  the  oxide  while  the 


holes  drift  under  the  positive  field  toward  the  oxide-to-silicon 
interface  where  they  may  be  removed  or  trapped.  Some  of  these  holes  may 
also  cause  interface  states  to  be  produced.  The  resulting  flatband- 
voltage  shift  and  interface-state  build-up  can  be  depicted  as  in  Fig.  2. 

Ionizing  radiations  or  electrical  overstressings  will  also  cause 
carrier  mobility  degradation  because  of  the  presence  of  trapped  charges 
near  the  silicon-to-oxide  interface  and  interface  generation,  of  which 
interface  generation  is  more  dominant  and  it  becomes  negligible  at  lower 
levels  of  ionizing  radiations/EOS.  As  the  stressing  levels  are 
increased  (about  a  million  rad  for  ionizing  radiations  or  9MV/cm  for 
EOS),  mobility  degradation  will  affect  P  and  N-channel  device 
performance,  with  increased  interface  states  being  the  primary  cause  of 
degradation.  This  mobility  degradation  can  be  observed  via 
transconductance  (g^)  measurements.  Another  performance  problem  induced 

by  ionizing  radiations  or  EOS  is  the  increase  in  leakage  current  due  to 
surface  effects. 

MOSFETs  stressed  by  ionizing  radiations  or  by  EOS  have  the 
tendency  to  anneal.  Annealing  is  the  time-dependent  detrapping  of 
trapped  charge  at  the  silicon-to-oxide  interface.  It  is  sometimes 
referred  to  as  a  self-healing  effect.  However,  the  time  constant 
involved  is  in  the  order  of  minutes  to  over  one  year,  depending  on  the 
extent  of  damage,  design-based  on-chip  protection  and  the  type  of 
processing.  Though  the  surface  states  generated  are  relatively 
permanent,  it  can  also  be  annealed  with  high  temperatures  (>125*  C). 
Any  lattice  damage  (interstitials,  vacancies),  however,  is  irreversible. 

Experimental  studies  indicate  that  trapping  of  holes  or  oxide- 
silicon  interface  degeneration  does  not  differ  significantly  between 
electrical  overstressing  and  ionizing  irradiations  [4]  despite  the  fact 
that  holes  are  transported  to  the  interface  rather  under  high  field 
conditions  in  EOS  phenomenon;  whereas,  hole  transport  under  ionizing 
irradiations  is  not  field  activated.  Hence,  it  is  evident  that  capture 
of  hole  by  a  trap  at  the  interface  is  not  a  strong  function  of  electric 
field  in  the  oxide. 

SINGLE-MODEL  REPRESENTATION  OF  IONIZING  RADIATION  AND  EOS  EFFECTS 

On  the  basis  of  aforesaid  discussions,  the  identical  effects 
observed  in  MOSFETs  when  subjected  to  ionizing  radiations  or  EOS  can  be 
summarized  as  follows:  1)  Shift  in  threshold  voltage;  2)  Change  in 
oxide-capacitance;  3)  Mobility  (p)  degradation;  4)  Change  in 
transconductance;  5)  Increase  in  leakage  current;  and  6)  Annealing. 
These  various  parameters  though  can  represent  the  degradation  (either 
due  to  ionizing  radiations  or  due  to  EOS)  independently  are,  however, 
interdependent  and  explicitly  related  through  analytical  expressions. 
Therefore,  it  is  possible  to  establish  a  general  expression  which 
uniquely  represents  the  cohesive  damage,  irrespective  of  the  nature  of 
external  stimulus.  For  this  purpose  the  global  effect  of  stochastical 
variations  in  charge-trapping  and  interface  generation  (under  external 
stimulus)  can  be  considered  to  model  the  net  physical  degradations 
observed.  And  as  these  stochastical  fluctuations  in  the  device-interior 


manifest  as  the  'device-noise,'  the  desired  modeling  can  be 
characterized  by  appropriate  noise  parameters  of  the  d-.  'ice. 


When  a  MOS  device  is  subjected  to  external  stress  (either  ionizing 
radiations  or  EOS),  the  corresponding  induction  of  charge-trapping  and 
generation  of  interface  states  can  be  equivalently  represented  by  an 
input  noise  resistance  ^  given  by  (5) 

*N  ■  W,'*/  (1> 


where  C  is  a  constant,  Nc  is  the  surface-state  density  and  p  /p  refers 

to  the  field-effect  mobility  to  low-field  mobility  ratio.  Eqn.  (1) 
indicates  that  R^  is  directly  proportional  to  Ng  concurring  with  the 

experimental  results  due  to  Abowitz,  et  al  1 6 J -  Hence  the  time- 
dependent  history  of  Ng  as  controlled  by  any  external  overstressings  can 

be  tracked  \ ia  the  assessment  of  R^.  Further,  the  field-effect  mobility 

is  also  dependent  on  N_  and  is  therefore  linked  with  g  and  V„  of  the 

S  m  T 

device.  Explicitly, 


1-0  UaNS  U«VV 


Here,  a  and  0  are  constants  and  g  refers  to  the  value  of  g 

®mo  i 

under  unstressed  conditions  and  Vr  denotes  the  applied  gate  potential. 


From  Eqns.  (1)  and  (2),  the  following  relation  can  be  obtained: 


R 


Ag_ 

— 11  =  — ^  [2  - 


1-AV„ 


(3) 


N 


vT  <vG-vT)e 


The  constant  0  has  the  approximate  values  of  0.138  and  0.308  for 
the  N-channel  and  P-channel  MOSFETs,  respectively  (AJ.  More  generally, 
can  be  expressed  in  terms  of  the  electric  field  across  the  gate- 

oxide,  namely,  Er.  That  is,  V_  =  E„t  ,  where  t  is  the  gate-oxide 

thickness.  While  E^  refers  to  the  electric  field  intensity 

corresponding  to  an  electrical  overstress  (EOS)  phenomenon,  it  is 
possible  to  establish  an  equivalent  E„  to  represent  the  ionizing 

U 

radiation  dosage,  which  produces  the  same  extent  of  degradation 
expressed  via  noise  parameter  of  eqn.  (3).  Let  Dj  be  the  dosage 

delivered  (or,  absorbed  dosage)  to  an  oxide-gate,  which  through 
ionization  process  creates  a  hole  density  (area  density)  of  QD  equal  to 

KjtQxDjF(EG)  where  is  the  infinite  field  ionization  coefficient  (AJ 


equal  to  1.22  x  10"^  C  CM  ^rad  *  (SiC^)  and  F(E^)  is  the  E-field 

dependent  charge-yield  parameter  J 4 J  with  approximate  value  of  0.83  at 

E_  =  lMV/cm.  If  the  same  hole-density  of  Q  has  to  be  stimulated  by  an 
G  K 

electrical  overstress  phenomenon  (via  high  field  injection  of  electron 

current  density  through  Fovler-Nordheim  tunneling  by  the  gate-oxide 

field-intensity,  E0),  the  corresponding  current  density  (j)  can  be 

G 

2 

expressed  (by  neglecting  space-charge  effects)  as  equal  to  AE  exp 

G 

(-B/E„)  where  A  and  B  are  constants.  The  best  estimates  of  [A]  A  and  B 
G 
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are  2x10  amperes/(MV)  and  238  MV/cm,  respectively.  Therefore  EOS- 
equivalent  of  QR  can  be  written  as 

Qr  (EOS)  =  j«  tox  At  (A) 

where  a  is  the  probability  per  unit  length  that  an  injected  electron 

will  create  an  electron-hole  pair  and  is  equal  to  a  exp  (-H/E„)  where 

O  G 

aQ  =  6.5  x  1011  cm"1  and  H~  180MV/cm  {A]. 

Further,  At  in  eqn.  (A)  specifies  the  duration  of  EOS  event. 
Assuming  that  lightning  function  of  the  form  e^(t)  =  E^  (exp(-Ct)-exp(- 

Dt ) ]  to  represent  the  transient  electrical  overstressing,  the  duration, 
At  is  given  by 

At  =  ((D-O/CDJ  (exp  (-Ctm)-exp(-DtB) J-1  (5) 

where  tm  is  the  rise-time  of  the  transient  equal  to  Jln(D/C)/(D-C) .  The 

values  of  C  and  D  can  be  explicitly  specified  for  a  given  type  of  EOS 
event,  such  as  human-body  ESD  model,  etc.,  and  are  dependent  on  the  peak 
value  of  the  stressing  potential,  V^. 

Combining  eqn.  (A)  and  eqn.  (5),  the  equivalent  dosage  can  be 
expressed  as 

DT  -  a  A  E?  ((D-C)/CD]  [exp(-Ct  )-exp(-Dt  ) ]-1exp  (-(H+B)/E  ]  (6) 

J.  O  U  Jll  O 


Hence,  using  approximate  values  for  the  parameters  discussed 
previously,  the  expression  for  reduces  to 

DJ  .  10“  <VG/tox)2exp(-«18  tox/»c)i«(VG)  (7) 

where  is  expressed  in  MV,  t  in  cm  and  At  is  functionally  dependent 
on  VG. 


Considering  a  typical 
electrostatic  discharge  (ESD) 


electrical  overstressing  due  to  an 


of 


subcatastrophic  level  (say  V_  =  50V 


peak)  from  a  finger  tip  (Fig.  5)  across  a  gate-oxide  of  thickness  30  nm 
over  a  pulse-duration,  At  =  lOn  sec,  the  corresponding  equivalent 
radiation  dosage  is  approximately  equal  to  36  M  rad  (SiOj).  That  is, 

this  ESD  event  would  introduce  as  many  ^les  into  the  oxide  as  a  36  M 
rad  (Si02)  of  ionizing  radiation. 

RELATIVE  NOISE  PERFORMANCE  UNDER  EOS  AND  IONIZING  IRRADIATIONS 

For  a  given  injected  electron  fluence  (Q^  =  jAt),  the  relative 

damage  introduced  in  the  MOSFET  by  an  EOS  and  an  ionizing  radiation  can 
be  estimated  as  follows:  By  virtue  of  one-to-one  equivalence  between 
the  magnitude  of  EOS  and  ionizing  dosage,  the  relative  damage  expressed, 
say,  in  terms  of  threshold  shift  AV^/V^  can  be  written  as  a  linear 

proportionality  relation  of  the  form  AV^(E0S)/VT  =  K.  AV^,(RAD)/VT  where  K 

is  a  constant. 


Considering  the  results  due  to  Boesch  and  McGarrity  [A],  for  a 
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given  amount  of  injected  electron  fluence  (1.9  X  10  C/cm  ),  the 
theoretical  and  experimental  results  corresponding  to  high  field 

stressing  of  9MV/cm)  and  ^Co  irradiation  (10^  rad  Si0„)  on  a  t  =  1000 
o  z  ox 

A  MOS  structure,  the  value  of  K  is  found  to  be  approximately  equal  to 

2.3;  or,  in  general,  K>1.  Hence,  using  the  linear  relation  between 

AVT(E0S)/VT  and  AVT(RAD)/VT,  it  can  be  shown  that  AR^EOS)^  is  nearly 

equal  to  (A/3) AR^(RAD)/R^.  In  other  words  the  damage,  manifesting  as 

the  device  noise  under  EOS  injecting  a  given  amount  of  electron  fluence 
into  the  gate,  is  approximately  25%  more,  for  the  same  extent  of 
electron  fluence  injected  by  a  radiation  source.  Typical  noise 

<V*N 

parameter  (p  = - )  variations  as  functions  of  radiation  dosage  for  a 

P  and  N  channel  MOSFETs  are  shown  in  Figs.  6  and  7.  Corresponding 
variations  of  threshold  voltage,  V^,  are  also  depicted  in  Figs.  6  and  7, 

from  which  it  can  be  observed  that  the  noise  parameter  follows  the  trend 
of  VT  variations(s) . 


Will  radiation  hardening  concurrently  improve  static-protection  or 
vice  versa?  The  observed  similarities  suggest  the  possibility  of 
formulating  a  one-to-one  equivalence  of  modeling  of  radiation  damage 
versus  EOS  effects  from  which  it  can  be  extrapolated  that  any  scheme 
that  is  implemented  (either  via  processing  or  via  design  methods)  to 
prevent/reduce  radiation-induced  (deleterious)  effects  may  also  subdue 
the  influences  of  EOS  effects.  In  other  words  radiation  hardening 
schemes  (process/design)  with  a  few  optimization  changes  may  provide 
dual  protection  to  prevent/reduce  gate-oxide  damages  arising  from 
ionizing  radiations  or  from  EOS.  In  order  to  achieve  effective  dual 
protection  through  optimization  of  process/design  techniques,  basic 


research  is  required  to  determine  this  ionization  radiation-to-EOS 
equivalence  so  that  the  common-to-both  type  of  damages(s)  in  the  gate- 
oxide  can  be  effectively  prevented  through  optimization  procedures. 

CONCLUSIONS 

This  work  provides  a  basic  insight  into  the  problem  of  a  comparative 
study  relating  ionizing  radiations  and  EOS  effects  on  MOS  devices.  The 
results  indicate  a  strong  correlation  between  the  two  effects  cited, 
which  suggests  the  feasibility  of  designing  common  countermeasures,  as 
well  as  adopting  substitutions  in  the  analysis  and/or  simulation 
techniques. 

ACKNOWLEDGEMENT 

This  work  was  supported  by  a  grant  from  the  Office  of  Naval  Research 
(No.  613-005)  which  is  gratefully  acknowledged. 

REFERENCES 

[1]  Adams,  L.  :  Cosmic  Ray  Effects  in  Microelectronics,  Microelectronics 
J.,  Vol.  16(2),  1985,  pp.  17-29. 

[2]  Nicollian,  E.H.  and  Bruce,  J.R.:  MOS  Physics  and  Technology. 

John  Viley  &  Sons,  New  York:  1982,  pp.  549-580. 

{ 3 j  Neelakantaswamy,  P.S.  and  Turkman,  R.I.:  Noise  Performance  Studies 
to  Assess  MOS-Device  Degradation  due  to  Impulsive  Overstresses. 
Conf.  Record:  1986  IEEE  Inti.  Symp.  on  Electrical  Insulation 
(Washington,  D.C.,  1986),  pp.  327-330. 

[4]  Boesch,  H.E.,  Jr.  and  McGarrity,  J.M.:  An  Electrical  Technique  to 
Measure  the  Radiation  Susceptibility  of  MOS  Gate  Insulators.  IEEE 
Trans.  Nucl.  Sci.,  Vol.  NS-26  (6),  1979,  pp.  4814-4818. 

[5]  Leventhal,  E.A.:  Derivation  of  1/f  Noise  in  Silicon  Inversion 

Layers  from  Carrier  Motion  in  Surface  Band.  Solid  State 
Electronics,  Vol.  11,  1968,  pp.  621-627. 

[6]  Abowitz,  G. ,  et  al:  Surface  States  and  1/f  Noise  in  MOS 

Transistors,  IEEE  Trans.  Electron  Devices,  Vol.  ED-14,  1967,  pp. 
775-775. 


KftM 


HJUCSMUCTM  m 


M  l<rim«tiiu7«i/2Ap)Mi<lvnQMMtq 


H  ni'i™  Ant 
MCMkunM 


*  i.h  pcunEumn  * i.bRnAunuM* 
ruua^ 
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NOISE  CHARACTERISTICS  OF  I0NIZING-RADIATI0N  STRESSED  MOSFET  DEVICES 


INTRODUCTION 

It  has  been  known  for  years  that  ionizing  radiations  can  change  the 
electrical  properties  of  solid  state  devices,  leading  to  possible  system 
failure  [1].  In  particular,  gamma  rays,  X-rays  and  neutron  bombardment  have 
proven  most  harmful.  Among  the  LSI  devices,  M0S  circuits  are  highly 
sensitive  to  damages  under  critical  radiation  environments.  The  primary 
failure  mode  and/or  degradation  of  MOSFETs  resulting  from  ionizing 
radiations  is  due  to  the  'oxide-charge  and  surface-effects,'  [2],  occurring 
in  the  gate-oxide  and/or  field-oxide  regions.  The  effects  of  ionizing 
radiations  are  mainly  threshold  voltage  shift  and  channel  mobility 
degradation  caused  by  the  creation  of  electron-hole  pairs  and  trapping  of 
holes  at  the  Si-SiC^  interface  [ 2  J .  The  net  effect  of  charge-trapping  and 

the  associated  occupation  of  surface  states  can  also  be  viewed  as  a 
random/s tochas t ical  phenomenon  which  can  be  characterized  by  a  global  noise 
parameter.  Such  a  representation/model  will  be  useful  to  study  the  noise 
performance  of  the  device  under  radiation  environments  as  indicated  in  the 
present  work. 


VT* 


NOISE-MODEL 

The  global  effect  of  'oxide-charge  and  surface-effects'  described  above 
can  manifest  as  the  device  noise  which  can  be  quantitatively  represented  by 
a  noise-model  as  described  below: 
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Following  the  analysis  by  Leventhal  [3],  the  effect  of  charge-trap 
induction  and  generation  of  interface  states  can  be  equivalently  represented 


by  an  input  noise  resistance  given  by  j 

i 


I 

I 


where  C  is  a  constant  of  proportionality  and  N<,  is  the  surface-state 

density;  p  /p  refers  to  the  field-effect  mobility  to  low  field-effect 
s  o 

mobility  ratio.  Further,  inasmuch  as  field-effect  mobility  is  also 
dependent  on  N<.  and  is,  therefore,  linked  with  the  device  transconductance 

(gm)  and  the  threshold  voltage  (V^)  (4,5),  the  following  relation  can  be 

obtained  [6]  from  eqn.  1.  (Note  the  typographical  errors  in  [ 6 ] :  eqns.  1 
and  3  of  [6]  should  read  as  eqns.  1  and  2  of  the  present  paper, 
respectively. ) 


*N 
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*VT  .  1 

VT  <VG  -  VP 


(2) 


where  is  the  threshold-voltage  shift  and  3  is  a  constant,  approximately 

equal  to  0.138  and  0.308  for  the  N-channel  and  P-channel  MOSFETs, 

respectively  (5J. 

The  quantity  in  eqn.  2  represents  an  ’equivalent  gate-potential' 

which  would  inject  the  same  electron-f luence  into  the  gate  equal  to  that 
injected  by  the  ionization  irradiation.  V^,  can  also  be  expressed  in  terms 


of  an  'equivalent  electric  field'  across  the  gate-oxide,  namely  E^.  That 

is,  V_  =  E_  t  ,  where  t  is  the  gate-oxide  thickness. 

’  G  G  ox’  ox  6 

This  equivalent  electric  stress  parameter  E^,  can  be  specified 

explicitly  in  terms  of  the  radiation  dosage,  D,  assuming  that,  over  a 
duration  of  At,  the  effect  of  E„  or  D  is  to  inject  the  same  extent  of 

electron  fluence,  namely  jAt,  where  j  is  the  current  density.  Hence, 
relevant  analysis  yields, 

D  =  A  eI  At  exp  <-B/E„)  (3) 

(j  U 
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where  A  and  B  are  constants  approximately  equal  to  10  and  418, 
respectively  [7],  if  E_  is  expressed  in  MV/cm.  Thus  for  a  given  dosage 

VJ 

level  of  D,  using  eqns.  2  and  3,  the  noise  performance  of  the  device  can  be 
decided  quantitatively. 

TEST  STUDIES  &  CONCLUSIONS 

ARj,  Agm 

Variations  of  the  noise  parameter  -  /  - -  corresponding  to  a  P- 

"n  8» 

channel  and  an  N-channel  MOSFETs  as  functions  of  the  radiation  dosage 
(X-ray),  are  depicted  in  Figs.  1  and  2.  Also  shown  in  Figs.  1  and  2  are  the 
threshold  voltage  shifts  in  the  P-  and  N-channel  MOSFETs  [8).  The  results 
on  noise  parameter  presented  in  Figs.  1  and  2  are  calculated  via  eqns.  2  and 
3,  using  the  available  data  on  threshold  voltage  shifts  versus  radiation 
dosage  (8].  From  the  results  shown,  the  following  can  be  inferred: 


1.  Damage  introduced  by  ionizing  radiations  in  a  semiconductor  device  (such 
as  MOSFET)  can  also  be  characterized  by  the  noise  performance  of  the 
device. 

2.  The  noise  parameter,  as  a  function  of  radiation  dosage  tends  to  track 
closely  the  variation  of  V  with  respect  to  the  dosage  level.  This  is 
true  for  both  P-  and  N-channel  MOSFETs  (Figs.  1  &  2).  The  percentage 

shift  in  the  magnitude  of  noise  parameter,  for  a  given  level  of 
radiation  dosage  is,  however,  less  than  the  corresponding  percentage 
shift  in  the  threshold  voltage.  Referring  to  Fig.  1  ,  (P-MOS)  for  a 

dosage  level  of  10^  rad  (Si),  V^,  shifts  by  170%,  whereas  the  noise 

parameter  changes  only  by  26%.  Similarly  in  Fig.  2  (N-MOS),  shifts 

for  10^  and  10^  rad  (Si)  are  -52%  and  +42%,  respectively.  However,  the 
corresponding  noise  parameter  shifts  are  +28%  and  -8%,  respectively. 
Thus,  for  a  given  level  of  irradiation,  the  variation  in  VT  is  more 

overwhelming  than  changes  in  noise  performance. 


Nevertheless,  in  low  noise  applications  of  the  device,  the  influence  of 
ionizing  radiations  should  be  duly  accounted  for  in  the  system  design  as 
noise  performance  degradation  is  inevitable  as  a  result  of  radiation- 
induced  oxide  effects.  While  'single  event'  upsets  due  to  ionizing 
radiation  usually  cause  concern  in  digital  circuits,  noise  performance 
degradation  due  to  cumulative/total  ionizing  irradiations  may  require 
specific  attention  in  linear  devices.  Especially,  as  the  device  is 
stressed  repeatedly,  the  device  damage  (noise  performance  degradation) 
vill  cumulatively  increase.  Such  endochronic  degradation  response  would 
be  detrimental  for  low-noise  system  operation.  The  present  analysis  is 
useful  in  the  relevant  studies. 


4.  The  simple  model  presented  here  provides  a  quantitative  approach  to 
determine  the  noise  performance  of  a  MOSFET  ionizing  irradiations.  The 
relevant  calculations  are  useful  to  determine  the  extent  of  radiation 
hardening  required  to  achieve  a  given  level  of  low  noise  performance  of 
the  device  under  ionizing  radiation  environments.  And,  noise  monitoring 
can  serve  as  an  adjunct  support  to  conventional  V^,  and  Cqx  estimations 

adopted  in  hardness  assurance  efforts. 

5.  The  present  work  models  only  the  effect(s)  of  ionizing  radiations  on  the 
device-noise.  Should  the  geometrical  parameters  (such  as  the  channel 
length)  change,  the  transconductance  would  be  significantly  affected 
(especially  in  short-channel  devices)  and  the  relevant  noise-model  will 
be  more  involved.  Related  studies  are  in  progress. 

6.  It  can  be  shown  that  6a  /g  a  AV_/(V  -V_).  Hence,  the  noise-parameter 

mm  i  u  i 

profiles  of  Figs.  1  and  2  will  remain  the  same  (except  for  a  scale- 
factor)  if  the  noise-parameter  is  normalized  with  respect  to  threshold- 
voltage  shift. 
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Threshold  voltage  and  noise  parameter  versus  total  radiation  dosage 
(P-Channel  MOSFET) . 


Fig.  2  Threshold  voltage  and  noise  parameter  versus  total  radiation  dosage 
(N-Channel  MOSFET). 
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stress  failures  [1].  Existing  studies  address  the  direct  influence  of  oxide- 
thickness,  crystal  purity/contamination,  dielectric  integrity,  processing 
methods  12]  and  the  characteristics  of  overstressing  voltages  on  the  breakdown 
mechanism  [3,4,5].  And  simulation  studies  are  done  on  tailor-made  MOS 
structures  with  Al,  Mo,  Wo,  polysilicon  or  silicide  field-plate(s)  of  circular 
or  rectangular  geometry,  the  substrate  being  p-  or  n-type  material  [6,7]. 

In  these  studies,  however,  effects  of  field-plate  dimensions  and  stochastical 
variations/perturbations  in  the  geometry  of  the  gate-oxide  region  [8]  have  not 
been  seriously  considered  in  depicting  the  breakdown  model  of  MOS  capacitors; 
only,  some  experimental  results  from  post-breakdown  examinations  have  been 
compiled  [3]  which  indicate  the  clustering  of  failure  sites  being  about  80£  at 
the  corners  of  rec tangular/square  f ield-plate(s) .  Qualitative  explanation 
based  on  electric  field  fringing  at  the  corners  have  been  presented  to  justify 
the  observed  data. 

Invariably,  changes  in  the  design  (geometrical  scaling-down),  processing 
methods  and  optimized  material  selection  decide  the  field-plate  and  gate-oxide 
dimensions  as  well  as  the  geometrical  perturbations  [8,9,10]  involved;  and  in 
order  to  determine  the  corresponding  electrical  overstressing  (EOS)  threat  on 
a  priori  basis,  an  exclusive  analysis  formalizing  the  extent  to  which 
breakdown  will  be  influenced  by  the  geometrical  parameters  (perturbed  and/or 
unperturbed)  is  imminent.  Studies  presented  here  will  determine  this 


overextending  severity. 


THEORETICAL  FORMULATION 


Unperturbed  MOS  structure:  Fig.  1  depicts  a  MOS  capacitor  with  a  rectangular 


field-plate  of  unperturbed  boundary  and  separated  by  a  thin  oxide-dielectric 


from  a  semi-infinite  substrate.  Should  the  breakdown  due  to  an  applied 


voltage  <J>_  occur,  the  potential  distribution  (4>)  below  the  field-plate  can  be 

U 


determined  by  solving  the  differential  equation  with  appropriate  boundary 


conditions.  Thus,  referring  to  Fig.  1,  the  injected  current  (I)  upon 


breakdown  is  assumed  to  be  evenly  distributed  over  the  length  (L)  of  the  plate 


and  flows  in  the  y-direction  down  the  field-plate  from  the  runner 


metallization  over  the  width  W.  With  a  dimensionless  constant  Y  =  y/W,  the 


differential  equation  governing  the  potential  distribution  (4>)  in  the  post¬ 


breakdown  dielectric  gate-region  can  be  written  as 


2  2  2 
d  <t>/d  Y  =  2k. 


where  k,  =  a  W  /(t  t(o().  Here  a  and  t  depict  the  post-breakdown  oxide 

1  ox  ox  t  f  ox  ox  r 


conductivity  and  the  gate-oxide  thickness,  respectively.  Likewise  and  t ^ 


represent  the  electrical  conductivity  and  the  thickness  of  the  field-plate, 


respectively.  Equation  (1)  can  be  solved  with  the  boundary  conditions, 


namely,  <j>  =  ♦-at  Y  =  0  and  d  4>/dy  =  0  at  Y  =  1.  The  result  is 

U 


4>  =  A  exp  (/2k^Y)  +  B  exp  ( - /Tk^  Y ) 


•- -- .V-.  - . 


A  =  <f>  /{exp  [2/2k1]-l]  and 

B  =  <}>£  exp  (2/21<^]/{exp  [2/2k^]-l}. 

Prom  the  expression  of  equation  (2)  derived  for  the  post-breakdown  potential 
distribution  (<f>)  under  the  field-plate,  it  is  possible  to  quantify  the  extent 
to  which  the  electrical  conductivity  and  finite  thickness  of  the  field  plate 
would  influence  or  distort  the  uniform  current  flow  vertically  beneath  the 
field-plate.  Inasmuch  as  the  gate-oxide  breakdown  is  significantly  affected 
by  this  nonuniform  potential/current  distribution,  a  quantifiable  measure  of 
this  nonuniformity  would  specify  the  severity  of  overstressing.  Assessment  of 
this  severity  parameter  will  enable  distinguishabili ty  between  the  breakdown 
due  to  loss  of  dielectric  integrity  and  that  caused  by  field-plate  induced 
nonuniform  electric-flux  concentrations.  That  is,  the  severity  of  electrical 
overstressing  due  to  uneven  cur  rent/potent ial  distribution  caused  by  the 
finite  thickness  and  conductivity  of  the  field  plate  can  be  expressed  by  a 
Severity  Factor  (SF)  denoting  the  ratio  of  maximum  current  density  to  the 
uniform  current  density.  For  the  unperturbed  rectangular  geometry  of  Fig. 
(1),  it  can  be  shown  that, 

SFjj  =  tanh/2k^ 


(3) 


where  the  suffix  U  depicts  the  unperturbed  status. 


In  practical  devices,  using  thin  field-plates  of  Al,  V,  Mo,  polisilicon, 
silicide,  or  polycide  (like  MoSij)  materials,  the  magnitude  of  k^  is  very 

large  and  therefore  the  severity  expression  of  (3)  reduces  to  (via  large 
argument  approximation): 


where  $s  is  the  post-breakdown  voltage-drop  across  the  substrate  region.  The 

2 

function  <p  satisfies  Laplace's  equation,  namely  V  =  0  with  the  boundary 
conditions  t  =  ^  at  x  =  0  and  \ty.IT  =0  all  along  the  rectangular  boundary. 

With  the  specified  perturbations,  spatial  distribution  of  can  be  written  in 
terms  of  the  zeroth  and  first  order  approximations  as 

<Kr)  =  ^(r)  +  ^(r)  (6) 

and  the  corresponding  boundary  conditions  can  be  approximately  specified  as 

2  2 

(T)  =  \|/  and  'K(r)  =  0  at  x  =  0.  Also,  .u  =0  and  V^.u  =  -  Ar9  ^  /8n 
o  si  on  i  n  o 

+  9/9r(Ar)  9/9t  (d^/dt)  along  the  perturbed  boundary.  Here  n  and  t, 

respectively,  denote  the  normal  and  tangential  coordinates  at  any  given  point 
on  the  boundary.  Further  and  should  independently  satisfy  the  Laplace's 

2  2 

relation,  namely,  V  =0  and  V  =0. 

o  1 

The  zeroth  order  current  density  (JQ)  in  the  oxide-region  under  post-breakdown 

condition  can  be  written  as  equal  to  (a  /t  )  );  and  the  corresponding 

OX  OX  Li  S 

first-order  current  density  (J^)  can  be  derived  from  the  auxiliary  potential 
^  specified  in  terms  of  the  Green's  function  C.(r/r'),  satisfying  the  two- 

?  -  -  —  — 

dimensional  differential  equation  V'  G (  i  / r '  )  =  8(r-r')  with  appropriate 
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boundary  conditions  [11 J.  (Here,  6  represents  the  delta-dirac  function.)  In 
general,  via  Green's  theorem, 


^  ( r '  ) 


r/r'  jy^fr)  .un-g/1(r)7G(r/r' )  .un)dt. 


(7) 


With  necessary  simplifications,  the  following  approximate  solution  for  can 
be  derived  from  i|/^  of  (7) 


=  -(a 


<vv^tdt 


(8) 


the  integration  being  along  the  boundary.  The  negative  sign  in  (8)  depicts 
the  decrease  in  the  current  density  for  any  deviations  in  the  original 
geometry.  Further,  the  perturbed  boundary  of  Fig.  2,  has  an  expectation  value 
<Ar>  equal  to  zero  so  that  the  mean  value  <jp  also  vanishes.  The  variance  of 


can  be  calculated  from  (8)  as  follows: 


2 

=  <jp 


=  (ff 


oX/toxL")2(V»s)2^ti/<to<ri>4l<T'2>><lt: 


(9) 


where  <Ar(rpdr(i'2)>  is  the  autocorrelation  function  [12].  For  large 

correlation  distance  a  of  the  perturbations  (comparable  to  the  device 
dimensions),  the  autocorrelation  function  is  given  by 


(10) 


# 


$ 


<Ar(r^) Lr(r^)>  =  exp  ((-At)^/2a^] 


where  is  a  constant  and  At  is  the  tangentially  measured  distance  between 


the  points  at  and  r^.  However,  for  a  small  correlation  distance,  the 

2 


autocorrelation  function  can  be  simplified  to  c//2rux5(  r  )  and  the 
corresponding  variance  of  is  given  by 


■  <'«/to*LV>2<wz'/r' » 
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re  ^j)dt^  i 


is  the  rectangular  periphery  equal  to  2(L+V).  Hence,  with  respect 


to  the  zeroth  order  current  density  Jq,  the  relative  rms  deviation  is  given  by 


Rx  =  £f>/Jo  =  aQ  //8h  a  (L+V)/LW. 


(12) 


And  the  corresponding  severity  factor  is  equal  to 


SFpl  =  (1+Rj). 


(13) 


(Suffix  P  here  denotes  the  perturbed  status.) 


MOS  structure  with  perturbed  oxide-thickness  and  of  unperturbed  rectangular 

gate-oxide  boundary:  Relevant  configuration  is  illustrated  in  Fig.  4,  where 

the  mean  oxide-thickness  t  has  a  variation  denoted  by  a  two-dimensional 

ox 

stochastical  process  d(x,z).  The  corresponding  post-breakdown  conductivity  of 
the  oxide-region  is  decided  by  the  perturbed  local  electrical  field  and  hence 
by  the  potential  <J>.  That  is, 

*ox  =  £i<*>  +  dty*)  (14) 

where  f.  and  f„  are  known  functions  of  <J>.  Hence,  using  the  condition  V(  a  V<#>) 
1  z  ox 

=  0,  under  small  perturbation  approximation,  the  potential  d>  can  be  expressed 

as  a  correction  of  its  zeroth-order  value,  <(>o  as  follows: 

V[  f  x  ( 4>)  V4>  J  =  -  V.  [df2(4>omo].  (15) 

Defining  an  auxiliary  potential,  V>J/ 

follows  that 

V2+  =  -V.  [df2(+  )V4>  ]  (16a) 


and 


V*0  -  fjfV'CV- 


(16b) 


Further,  application  of  Green's  theorem  to  (16)  leads  to, 


'J'(r')  =  i^o  (r)  + 


d(~>  W7V  7G(r/~'  >ds 


(17) 


with  the  surface  integration  performed  over  the  area  S  enclosed  by  the 
rectangular  boundary. 

The  corresponding  first-order  term  of  the  post-breakdown  current  density, 
can  be  expressed  as 

& 

J1  ■  <»ox/toJ,L“)|tox/<V*S)l  //  l<l<?>VV7V'’*oldS  <18) 


the  variance  of  which  is  given  by 


<J2> 


(a  /t  LV) 2(  t  )2 

ox  ox  ox  G  s 


<d(r1)d(r2)>  x 
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where  <d(F^  )d(r~2 )>  is  the  autocorrelation  function  of  the 
variations,  d.  For  small  perturbations  (in  comparison 


(19) 


oxide- thickness 


with  the  device 


w 


2  2 


dimensions),  <d(r^ )d(r2)>=ao2n3  S^j-rj)  where  3  is  the  correlation  distance; 
therefore, 


*5  =  loox/toxLW)2|<Jo2  2^2tox/<V*s)2J  /  jf 2  (0o)(^o-^o)2dS 

s 


“  <V'V«LW)2|#'62<VV2/t<«21/  /f2  <*,>  1,5 


(20) 


The  ratio  f~(+  )/f,(+  )  is  decided  by  the  relative  magnitude  of  t  and  y 
z  °  1  O  ox 

where  y  is  constant  factor  which  functionally  relates  the  o__.  and  the 
potentials  as  follows: 


ox 


log(aox)  ~  Y  log  +d>I 


ox 


(21) 


and  f0/f,  =  -  y/t 

2  1  ox 


Therefore , 
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<»OX/tOXL“)2<<’2  2»«2(V*S)2'-2LU/t„x2) 


(22) 
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The  relative  rms  deviation  is 

R„  =  /<jf>/J  =  cr  /Trier/ 1  /IT 

2  1  o  o  ox 


(23) 


Hence 


SFp2=  /2k1  (1+R2) 


(24) 


RESULTS 


Presently  three  major  overstressing  aspects  are  considered:  1)  The  first  one 
refers  to  unperturbed  geometry  of  a  MOS  structure  and  the  overextending 
influence  of  the  geometry  and  material  of  the  field-plate  is  quantified  via 
the  parameter  k^.  For  a  given  gate-oxide,  the  severity  is  then  specified  by 

SF^j  being  directly  proportional  to  the  width  W  and  is  inversely  proportional 

to  /t ^0^ .  That  is,  the  thinner  field-plates  of  less  conductive  material(s) 

would  significantly  enhance  the  overstressings.  For  typical  values  of  L  = 

100  urn,  t  =  500  A,  t(  =  2000  A  and  a  =  a  .  (under  post-breakdown 

r  ox  f  ox  si 

conditions),  severity  with  metallic  electrodes  (such  as  U,  Mo,  Al)  is  only 

about  10%  relative  to  the  severity  with  a  polysilicon  electrode.  Under 

similar  conditions  MoSi2  field-plate  will  pose  about  31.5%  of  threat  relative 

to  the  conditions  with  a  polysilicon  electrode.  If  the  thickness  of  the 


field-plate  is  very  large,  the  factor  SF^  will  tend  to  be  unity  via  (3). 

2)  The  second  consideration  addresses  the  influence  of  stochastical 
perturbations  in  the  rectangular  boundary  of  the  gate-oxide  region;  the 
corresponding  overstressing  is  expressed  by  a  factor  so  that  the  overall 

severity  is  quantified  through  SFpp  given  by  (13).  Relative  to  an  unperturbed 

structure,  severity  is  essentially  decided  by  R^.  Therefore,  by  dimensional 

scaling-down,  say,  when  all  the  physical  dimensions  are  multiplied  by  a 

factor,  9  <1,  becomes  approximately  equal  to  1/J$.  That  is,  by  scaling- 

down  a  MOS  structure  by  a  factor  0  =  0.2  (say),  the  severity  due  to  edge- 
perturbations  will  increase  by  a  magnitude  equal  to  11.  3)  The  third  aspect 

of  overstressing  arises  from  the  random  variations  in  the  gate-oxide.  Again, 
relative  to  an  unperturbed  structure,  severity  is  decided  by  the  term  R£  of 

(24).  If  all  physical  dimensions  are  multiplied  by  the  scaling  factor  0<1, 

2 

the  value  of  R£  is  close  to  1/0  .  That  is,  for  a  scaling  factor  of  0  =  0.2 

(say),  severity  due  to  stochastical  variations  in  the  gate-oxide  thicknesses 
will  be  25  times  larger.  However,  if  t  is  left  unchanged  and  only  the  area 

(LxW)  is  scaled  down,  then  5^  is  nearly  equal  to  1/0,  so  that  with  0  =  0.2,  Rj 

=5;  it  means  that  only  a  smaller  influence  on  the  severity  can  be  expected 

[13). 


Thus  the  thin-oxide  breakdown  in  MOS  structure  is  significantly  influenced  not 
only  by  the  dielectric  integrity,  but  also  by  the  geometrical  and  material 


a 


$ 


a 


H 


i 


characteristics  of  field  plates.  In  addition,  the  stochastical  variations  or 
perturbations  at  the  edges  and  the  thickness  of  the  gate-oxide  will  also 
profusely  enhance  the  overstressing  severity.  Especially,  when  scaling  down 
strategies  are  attempted,  care  should  be  taken  to  minimize  the  perturbation 
level,  lest  failures  due  to  dielectric  breakdown  will  be  augmented.  The 
breakdown  characteristics  of  thin  dielectrics  with  stochastical  edge/ thickness 
can  also  be  analyzed  by  applying  perturbation  technique  to  the  integral 
equation  formulations  due  to  Olsen  [14].  Attempts  are  being  pursued  to  obtain 
relevant  closed  form  solutions. 
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CAPTIONS  FOR  THE  DIAGRAHS 


Fig.  1  MOS  structure  vith  unperturbed  gate-region 


Fig.  2  MOS  structure  with  a  gate-region  having  a  stochastic  edge 


Fig.  3  Perturbed  boundry:  Enlarged  view 


Fig.  4  MOS  structure  with  a  stochastical  gate-oxide  thickness 
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NOTE 

VOLTAGE  BREAKDOWN  IN  MOS  CAPACITORS:  OVERSTRESSING  SEVERITY  DUE  TO 
THE  GEOMETRY  AND  MATERIAL  OF  THE  FIELD-PLATE 

High  reliability  performance  [1-4]  with  ultra-density  packaging  warrants  a 
thorough  understanding  of  the  physics  of  thin-oxide  breakdown  in  MOS 
structures  under  high  stress  conditions.  In  the  existing  practice, 
simulation  studies  are  carried  out  with  tailor-made  test  samples  formed  by 
Al,  Mo,  Wo,  polysilicon  or  silicide  f ield-plate(s)  of  circular  or 
rectangular  geometry,  with  p  or  n  type  material  being  the  substrate  of  the 
test  structures  [5].  Relevant  studies  address  the  influence  of  oxide- 
thickness,  crystal  purity/contamination,  dielectric  integrity  and  processing 
methods  on  the  breakdown  characteristics.  Further,  the  overstressing 
effects  of  applied  voltage  parameters,  namely,  amplitude,  polarity, 
transient  waveform  artifacts,  continuous  or  pulsed  excitation,  duty  cycle, 
etc.,  on  the  thin-oxide  have  also  been  broadly  analyzed  [6].  However,  the 
effects  of  material  and  geometry  of  the  field-plate  have  not  been  seriously 
considered  in  depicting  the  overstressings  in  MOS  capacitors,  except  for  the 
collection  of  some  experimental  data  from  post-breakdown  examinations  [7] 
which  reveal  that  about  80%  of  failure  sites  cluster  at  the  corners  (of 
rectangular/square  f ield-plate(s)  and  the  reminder  at  the  edges  of  the 
plate);  some  qualitative  explanation  based  on  electric  field  concentration 


at  the  field-plate  corners  has  been  presented  to  justify  these  observed 
results.  Thus,  from  the  available  studies  it  is  clear  that  for  a  given 
stressing  voltage,  the  breakdown  of  oxide-dielectric  is  determined  not  only 
by  the  intrinsic  dielectric  integrity  of  the  oxide  but  also  by  the  extrinsic 
(overstressing)  influence  of  the  geometry  and  the  material  of  the  field- 
plate. 

Rigorous  analytical  formulations  which  exclusively  assess  the  effects  of 
field-plate  geometry  and  its  material  in  terms  of  post-breakdown  voltage  and 
current  distributions  beneath  the  field-plate  are  developed  here.  That  is, 
post-breakdown  current  distribution  is  considered  as  an  implicit  indicator 
of  overstressing  influence  or  severity  due  to  the  field-plate  parameters. 
Relevant  results  will  indicate  the  extent  to  which  the  breakdown  will  be 
affected  by  the  finite-sized  field-plate  (of  finite  electrical  conductivity) 
in  relation  to  an  ideal  system  wherein  the  field-plate  influence  is  presumed 
to  be  absent  so  that  the  breakdown  is  entirely  determined  by  the  oxide 
thickness  and  its  integrity. 

RECTANGULAR  FIELD-PLATE  MOS  CAPACITOR 

Fig.  la  depicts  the  geometry  to  be  analyzed.  A  rectangular  disk  (field- 
plate)  is  separated  by  a  thin  oxide-dielectric  from  a  semi-infinite 
substrate.  Should  the  breakdown  due  to  an  applied  voltage  $  occur,  the 

potential  ($)  distribution  below  the  field-plate  can  be  determined  by 
solving  the  differential  equation  with  appropriate  boundary  conditions. 


Thus,  referring  to  Fig.  la,  the  injected  current,  upon  breakdown,  is  assumed 


to  be  evenly  distributed  over  the  width  (B)  of  the  plate  and  flows  in  the  y- 


direction  down  the  field-plate  from  the  runner  metallization  along  the 


length  L.  Considering,  the  y-directed  current  flows  in  the  field-plate  and 


in  the  substrate-sheath  below  the  gate-dielectric,  the  differential  equation 


for  the  post-breakdown  potential  distribution  4>  below  the  field-plate  can  be 


deduced  from  the  following  relations:  1)  Over  the  differential  length  dy, 


the  current  dl  =  (a  /t  )  B4>dy:  and  I  =  Bt,o,E  where  E  is  the  electric 
y  ox  ox  y  f  f  y  y 


field  gradient  along  y;  further,  2)  curient  continuity  relation,  namely,  dl 


(field-plate)  +  dl^  (substrate-sheath)  equal  to  zero  is  satisfied.  Here  a ^ 


and  tQjf  depict  the  post-breakdown  oxide  conductivity  and  the  gate-oxide 


thickness,  respectively.  Likewise  a ^  and  t^  represent  the  electrical 


conductivity  and  the  thickness  of  the  field-plate,  respectively.  Hence, 


with  a  dimensionless  constant  Y=y/L,  the  potential  distribution  (<)>)  can  be 


specified  by, 


d24>/dY2  =  2k  ♦ 


where  k^  =  L  /t^t^Oj.  Eqn.  (1)  can  be  solved  with  the  boundary 


conditions,  namely,  <£  =  <J>q  at  Y=0  and  d4>/dY=0  at  Y=l.  The  result  is, 


4>  =  A  exp  (/2k^  Y)  +  B  exp  (-/2k^Y) 


'wi 


mmrmm 


ft 


[•!. 


K 

S!h* 


e 


A  =  <f>o/[exp  (2/2k^)-l]  and 
B  =  <f>o  exp  [2  /^J  /  (exp  (2 

CIRCULAR  FIELD-PLATE  MOS  CAPACITOR 

Relevant  to  the  circular  field-plate  geometry  of  Fig.  lb,  the  governing 
differential  equation  describing  post-breakdown  potential  distribution  in 
the  dielectric  (gate-oxide)  region  is  given  by 

d2<f-/dR2  +  (l/R)d<j>/dR=2k2<t>  (3) 

2 

where  R  =  r/a(  ,  k„  =  a  a£/t  t,a,  and  af  is  the  field-plate  radius, 
f  2oxfoxff  f  v 

Assuming  that  the  electrical  contact  at  the  centre  of  the  field-plate  has  a 
diameter  2ac  over  which  current  is  injected  evenly  (during  the  post¬ 
breakdown  situation),  solution  to  eqn.  3  can  be  written  in  terms  of  Bessel 

functions  as  (I  and  K  ,  n  =  0,1,2...)  as  [8] 
n  n 

♦  =  CIQ(/2k2R)  +  DKq(  /2k"2R)  (4) 


-4- 


distinguishabili ty  between  the  breakdown  due  to  the  failure  in  dielectric 
integrity  and  that  caused  by  field-plate  induced,  nonuniform  electric-flux 
concentrations.  Thus,  the  severity  of  electrical  overstressing  due  to 
uneven  current  or  potential  distribution  caused  by  the  finite  thickness  and 
conductivity  of  the  field  plate  can  be  expressed  as  the  ratio  SF  =  I  /I 

where  1^  denotes  the  current  that  would  flow  if  the  current  density  was 

uniform  and  equal  to  the  maximum  observed;  and  I  is  the  actual  total 

current  fed  to  the  field-plate.  For  the  rectangular  geometry  (Fig.  la),  it 
can  be  shown  that 


SFr  =  /2k  /tanh  /2k 


and  for  the  circular  geometry  (Fig.  lb), 


2  acaf  CI1(q)-DK1(q)  a^ 

C  p  (a*-a*)  CIo(q)+BKo(q)  a\ 


RESULTS  &  DISCUSSION 


In  practical  devices,  the  field-plate  materials  used  [5]  are  Al, 
polysilicon,  silicides/polycides ,  (such  as  MoSi0),  W,  Mo,  etc.  From  eqns. 

(6)  and  (7)  it  is  clear  that  for  a  given  gate-geometry/dimensions,  the 
severity  is  decided  by  the  electrical  conductivity  of  such  field-plate 


w. 


materials.  For  a  typical  gate  structure  with  rectangular  field-plate,  the 
practical  value  of  k^  will  be  large  and  therefore  severity  expression  of 

eqn.  (6)  reduces  to  (via  large  argument  approximation) 

SFr  =  /2kj  .  (8a) 

Likewise,  for  the  circular  geometry  with  ac/a^<<l  and  k2>>l,  eqn.  (7) 
simplifies  to  [8] 

SFC  =  /2k2  .  (8b) 

Table  1  illustrates  the  relative  severity  due  to  identical  field-plates  (of 
rectangular  geometry)  but  of  different  electrical  resistivi ties .  The 
results  show  how  the  electrode  resistivity  of  the  gate-electrode  would  play 
a  significant  role  in  deciding  the  severity  of  breakdown.  Further,  if  a 
circular  geometry  is  used  with  the  gate  electrode  covering  the  oxide  over 

2  2 

the  same  area  as  a  square  field-plate  (that  is,  L  =  tia^),  from  eqn.  (8),  it 

can  be  deduced  that  the  severity  involved  in  the  case  of  circular  structure 
will  be  enhanced  by  a  factor  of  /it,  assuming  the  gate-material  in  each  being 
the  same. 
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CAPTIONS  FOR  THE  DIAGRAMS 


Fig.  la  MOS  CAPACITOR  WITH  RECTANGULAR  FIELD-PLATE  GEOMETRY 


Fig.  lb  MOS  CAPACITOR  WITH  CIRCULAR  FIELD- PLATE  GEOMETRY 


Table  1.  Relative  Severity  Factors 
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A  HOVEL  ON-CHIP  BSD  PROTECTION  DEVICE 
USING  STATIC  INDUCTION  TRANSISTOR  PRINCIPLE 
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Abstract 


Existing  on-chip  protection  networks  include  one 
or  several  pn-junctions  as  static  discharge  by-pass 
paths.  The  high  field  and/or  current  crowding 
regions  associated  with  the  pn-junctions  increase 
significantly  the  vulnerability  of  protection 
networks  to  ESD  damage.  Presently  a  novel  on-chip 
protection  method  vhich  allows  the  sinking  of 
discharge  current  directly  from  the  pad  to  the 
substrate  by  implementing  a  vertical  static  induction 
transistor  underneath  each  bonding  pad  is  described. 
This  design  avoids  lateral  flow  of  discharge  current 
on  the  chip-surface,  removes  any  reverse-biased 
junction  along  discharge  path,  saves  the  chip  area  by 
rendering  the  possibility  of  being  Implemented  under 
the  contact  pads  and  offers  the  advantages  of  high 
speed  and  good  thermal  stability  by  virtue  of  being  a 
aajority-carrier  device. 

I.  Introduction 

Although  considerable  progress  has  been  made  in 
the  design  and  implementation  of  on,rchip  static 
protection  networks,  they  still  remain  prone  to 
^premature  failure(s).  The  main  reason  for  such 
|vu2nerabili ty  of  these  netvorks  is  that  they  are  all 
based  on  a  combination  of  resistors,  diodes, 
transistors  and/or  four  layer  devices  and  that 
consequently,  they  include  one  or  several  pn- 
junctions  along  the  static  discharge  path. 
Essentially  non-uniform  heat  dissipation  at  the 
periphery  of  diffused  regions  in  the  reverse-biased 
junctions,  is  the  most  commonly  observed  cause  of 
failure  as  reported  in  the  literature  1 1  ]  1 2] [ 3] [4] . 
Even  the  thick-field-oxide  transistor  which  is 
currently  considered  to  be  the  most  effective  for 
NMOS  and  CMOS  protection  (Fig.  la),  suffers  from 
excessive  localized  heating  at  its  reverse-biased 
drain-to-substrate  junction. 


CONVENTIONAL  TYPE 


PROPOSED  TYPE 
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Excessive  temperature  rise  at  the  drain  region 
of  stressed  thick-oxide  NMOS  FETs  has  been  observed 
by  using  infrared  microscopy  technique  (4].  Further, 
scanning  electron  micrographs  of  damaged  thick  oxide 
protection  devices  shov  that  the  device  failures  are 
due  to  the  formation  of  metal/silicon  shorts  between 
the  drain  contact  and  the  channel  and/or  the  bulk  of 
the  substrate  as  a  result  of  electrothermal  migration 
(1].  The  temperature  rise  may  even  be  so  large  as  to 
cause  polysilicon  filament  formation  shorting  the 
polysilicon  from  the  gate  to  the  drain  and  sometimes 
to  the  source  regions  as  observed  in  output  buffer 
FETs  damaged  by  ESD  transients  [1]. 

Such  localized  heating  stems  from  the  presence 
of  intense  field  and/or  current  regions  in  the  pn- 
junctions.  The  pover  dissipation  level  and  hence  the 
resulting  damage  are  more  pronounced  when  the 
junction  is  reverse  biased  explaining  why  the  drain 
region  is  the  prime  damage  site.  These  high  field 
and/or  current  crowding  regions  are  inherent  to  pn- 
junctions,  not  only  because  the  total  elimination  of 
structural  and  layout  irregularities  in  practice  is 
impossible,  but  more  specifically  because  of  the 
existence  of  curved  peripheral  junction  tenons  in 
the  planar  technology.  Furthermore,  the  thiv  -oxide 
protection  devices  are  designed  to  operate  in  the  so- 
called  snap-back  or  bipolar  second  breakdown  mode  in 
order  to  clamp  the  ESD  voltage  transient  to  values 
low  enough  to  cause  no  damage  to  the  protected 
internal  gate  oxides  |5).  The  two  other  possible 
modes  of  conduction  for  these  devices,  namely,  the 
MOS  transistor  mode  and  the  punch  through  mode, 
correspond  to  an  unacceptably  large  on-resistance  and 
therefore  will  be  totally  inadequate  for  the 
protection  of  future  submicron  geometry  MOSFETs  with 
gate  dielectric  thicknesses  ranging  from  100  to  300 
A.  On  the  other  hand,  it  is  well  known  that  the 
possibilities  of  thermal  runaway,  current 
filamentation  and  subsequent  device  failure  are 
greatly  increased  when  a  semiconductor  device  is 
forced  to  operate  in  the  second  breakdown  mode.  In 
summary,  it  appears  that  a  substantial  improvement  in 
the  performance  of  on-chip  protection  networks  would 
be  possible  by  designing  them  in  a  way  that  no 
reverse-biased  pn-junction  operating  under  the  first 
and  especially  the  second  breakdown  conditions  is 
present  along  the  intended  static  discharge  path. 
Moreover,  the  designers  should  take  advantage  of 
continuous  Increase  in  the  use  of  thin  epitaxial 
layers  in  NMOS  and  CMOS  technologies  which  makes  it 
possible  to  sink  the  static  current  to  the  substrate 
through  a  low  impedance  path  instead  of  allowing  it 
to  flow  laterally  at  the  surface  of  the  chip.  In  the 
following  sections  a  vertical  static  induction 
transistor  (SIT)  structure  is  proposed  and  discussed 
as  an  attractive  way  of  implementing  the  above 
mentioned  design  considerations  (Fig.  lb). 


II  Static  Induction  Transistor  as  an  ESD 
Erotection  Element 


The  Static  Induction  Transistor  (SIT)  has  been 
introduced  by  Nishizava,  et  al.  |6),  as  a  solid  state 


m 


device  with  characteristics  similar  to  the  vacuum 
tube  triode.  Its  both  output  and  input 
characteristics  are  based  on  the  static  induction 
principle  (6].  It  is  basically  a  short-channel  JFET 
which,  unlike  the  usual  saturating  pentode-like  I-V 
Ifcharacteristics  of  JFETs,  presents  triode-like  I-V 
{Characteristics  (Fig.  2  and  3). 


transconductance  and  fast  response  tiee  (in  the  order 
of  a  nanosecond).  Hitherto  SITs  have  been  realized 
as  pover  microwave  devices  (100  V  output  power  at  GHz 
frequencies)  f7J(8](9][ 10 | ,  high  power-high  frequency 
transistors  (few  KV  at  MHz  frequencies)  (6),  high 
(breakdown)  voltage  pover  devices  |11]  as  veil  as 

VLSI  level  logic  circuit  elements  (SIT-I2L)  [12]. 


CONVENTIONAL  JFET  PENTOCC-LIKE 

tv  characteristics 
FIG.  2:  CONVENTIONAL  JFET 


SIT  DEVICE  (TRIODE  LIKE  IV 


CHARACTERISTICS) 


The  high  current-high  speed  properties  of  SIT 
makes  it  also  suitable  as  an  on-chip  ESD  protection 
element.  The  device  proposed  here  is  a  vertical, 

normally  OFF  type  SIT  that  operates  under  V_..  0, 

GS 

vith  the  channel  being  depleted  and  the  source 
potential  barrier  being  established  by  the  built-in 
potential  of  the  gate  to  source  junctions.  The 
structure  can  be  Incorporated  directly  under  the 
contact  pad  areas.  For  a  chip  using  a  p-type 
epitaxial  layer  on  p+  substrate,  the  relevant 
processing  steps  can  be  summarized  as  follows 
(Fig.  4): 


FIG.  4:  PROPOSED  ON-CHIP  PROTECTION  SCHEME  USING 
SIT  PRINCIPLE 


a)  Unlike  the  standard  practice  of  having  the  bonding 
pads  on  the  field-oxide,  the  oxide  is  removed  from 
the  pad  locations.  This  could  be,  for  instance,  a 
part  of  a  LOCOS  process  scheme  with  the  provision 
that  all  subsequently  deposited  thin  films  prior  to 
metallization  should  be  selectively  removed  from  the 
pad  areas. 


FIG.  3-.  STATIC-INDUCTION  TRANSISTOR 


Triode-like  behavior  arises  from  the  proximity 
of  source  and  drain  regions  and  the  ability  to 
modulate  the  electrostatically  induced  potential 
barrier  at  the  source-end  of  the  channel,  not  only  by 
the  gate  voltage  (as  in  standard  JFETs),  but  also  by 
the  drain  voltage.  This  requires  the  product  (r  .g  ) 

to  be  much  less  than  unity.  (Here  r  denotes  the 

differential  channel  series  resistance  after  pinchoff 
and  g^  is  the  device  transconductance.)  In  practice 

this  condition  is  established  by  making  the  channel 
length  L  comparable  to  its  width  V;  hence  the  term 
"short-channel"  is  used  above. 


|  The  major  mechanism  of  current  transport  in  SIT 
is  majority  carrier  injection  over  the  source-to- 
channel  potential  barrier.  The  device  is  known  for 
its  lov  impedance,  high  current  density  capability 
2 

(several  lOOOA/cm  ),  good  thermal  stability,  high 


b)  An  n*  grid  (gate)  is  formed  by  lithographic  means 
and  doping/annealing  techniques.  The  distance 

between  adjacent  n+  diffused  regions  (channel  width 
V)  should  be  small  enough  to  deplete  the  vertically 
sandwiched  p-layer  (the  channel)  under  equilibrium 
conditions.  Typically,  a  channel  which  is  about  a 

14  3 

micron  wide  and  doped  in  the  mid-10  /cm  range  would 
be  totally  depleted. 

c)  A  blanket  shallow  p*  doping  (source)  is  introduced 

at  the  surface  of  the  p-epi  layer.  This  p+  layer 
serves  a  dual  purpose:  first  it  prevents  the  high 
electric  fields  that  are  generated  within  the  channel 
region  from  reaching  the  silicon  surface;  and 

secondly,  it  introduces  a  p*p  high-low  junction  which 
increases  the  channel  barrier  height  and  thus  reduces 
the  pad  to  substrate  leakage  current  under  normal 
operating  conditions,  (that  is,  without  an  ESD 
event), 

d)  Aluminum  is  deposited  and  left  over  the  entire  pad 
area(s).  If  the  p*  doping  level  is  below  the  surface 


doping  density  of  n*  fingers,  the  pad  Metallization 
introduces  a  short  betveen  the  top  source  and  gate 
fingers,  and  the  resulting  device  aay  be  called  a 

^surface  grid  SIT.  Otherwise,  a  buried  n*  grid 
version  is  also  possible  as  long  as  the  pad  Metal 

covering  the  p*  layer  Makes  contact  vith  the  n+  grid 
at  sone  point. 


The  p+  substrate  plays  the  role  of  drain  region 
in  this  vertical  structure.  The  ESD  reliability  aay 


also  be  further  enhanced  by  Introducing  p* 

polysilicon  tabs  betveen  the  pad  aetal  and  the  p* 
source  layers,  in  which  case,  the  device  is 
necessarily  of  the  buried  grid  type.  It  is  also 

possible  to  use  the  p*  poly  tab  as  the  diffusion 

source  for  the  fornation  of  the  p+  source  region  in  a 
way  sinilar  to  the  buried  contact  process  technique. 


To  illustrate  the  operation  of  this  protection 

device,  consider  a  HOS  circuit  Made  on  the  p  epi/p+ 
substrate  (Figure  5). 
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FIC.  5:  OPERATION  OF  THE  PROPOSED  PROTECTION  METHOD 


For  nominal  voltage  levels  at  the  input  pad  (say 
0  to  5V),  the  normally  OFF  SIT  presents  a  large 
impedance  path  to  the  grounded  substrate.  The  cut-in 
voltage  V_  of  the  SIT,  which  is  arbitrarily  defined 


voltage  Vc  c 
on  Fig.  S 


source-to-drain  voltage 


corresponding  to 


uA  drain  current  i  for  Vpg 


should  be  Just  above  the  positive  nominal  operating 
voltage.  At  the  event  of  a  positive  polarity  ESD, 
the  increasing  source-to-drain  voltage  results  in  the 
lowering  of  the  source- to-channel  potential  barrier. 
The  discharge  current  is  sunk  to  the  substrate 


through  the  multiple  p*-p-p+  "channels"  while  the 
source,  that  is,  the  pad-voltage,  is  clamped  to  VM 


which  should  be  less  than  the  dielectric  breakdown 
voltage  of  the  internal  gate  oxides.  On  the  other 


hand,  when  a  negative  ESD  occurs,  the  pad  voltage  is 
clamped  by  the  then  forward-biased  pin-diode  formed 


by  the  p  substrate,  p-epi  and  n+  grid  regions. 
Although  the  static  discharge  current  flows  through  a 
pn-junction  like  in  the  conventional  protection 
networks,  the  device  is  expected  to  handle  the 
relatively  low  power  dissipation  that  is 
associatedvith  forward  biased  diodes. 


NEGATIVE 

ZAP' 


FORWARD -BIASED 
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FIC.  6:  PROTECTION  UNDER  NEGATIVE  ZAPS 


III.  Design  Considerations 


Discussions  in  this  section  are  subdivided  into 
three  parts:  first,  the  OFF  state  characteristics  of 
the  SIT  under  normal  IC  operation  conditions  and  the 
impact  of  the  design  parameters  on  these 
characteristics  are  analyzed;  secondly,  the  behavior 
of  the  SIT  at  very  high  current  densities  that 
usually  prevail  during  an  ESD  transient  is  examined; 
and  finally  a  few  remarks  are  made  regarding  the  safe 
operation  of  the  SIT  at  the  event  of  a  negative 
polarity  ESD. 


Off  State  Characteristics 


The  5IT  should  be  designed  to  minimize  the  pad 
to  substrate  leakage  current  for  nominal  voltage 
values  at  the  pad  level.  Under  such  low  level 
injection  conditions,  the  drain  current  In  is 


approximately  an  exponential  function- of  the  source- 

to-drain  voltage  VgD  for  VGg  «  0  (as  well  as  for  a 

given  gate  to  source  reverse  bias).  The  key  element 
in  controlling  Ip  is  the  source-to-channel  potential 


barrier 


♦g  over  which  the  majority  cai i iers  are 


injected  into  the  channel. 


varies  across  the 


channel  width  U,  increasing  towards  the  gate  regions 
while  presenting  a  minimum  at  the  center  of  the 


channel.  The  drain  current  density  Jp  at  given  plane 


(x)  across  the  channel  width  is  exponentially 


dependent  on  the  local  barrier  height  ♦g(x),  which  in 


turn  is  a  linear  function  of  V„ 


JD  (X) 


’[-(i^r)  *  -  (■ 


*(x)  V$D4.b(x) 


hich  upon  integration  leads  to: 


'[*xp  '  (iffj 


The  design  related  parameter  n  is  positive  and 
less  than  unity. 


plays  the  key  role  in  determining  the  OFF 


state  impedance  of  the  SIT,  the  question  is  to  find 
the  range  for  +_  vhich  would  be  suitable  for  the 


present  application.  The  use  of  SIT  as  a  protection 
element  requires  a  sub  pA  drain  current  in  the 
absence  of  an  ESD  event.  For  an  effective  channel 


area  A  -  10  cm  this  would  correspond  to  an  average 

-2  2 

drain  current  density  Jn  of  10  A/cm  or  less.  A 


-2  2 

of  10  A/cm  or  less. 


number  of  analytical,  numerical  and  experimental 
studies  have  been  carried  out  in  the  past  to 
determine  the  dependency  of  Ip  on  Vgp,  V  g  and 


ueicinune  uic  uepcuueut-jf  uu  *SD*  GS 

various  structural  parameters  such  as  the  channel 
width  V,  length  L  and  doping  density  N  ^ 

[ 13] [ 14] [ 15] .  Though  these  studies  have  largely 
focused  on  normally  ON  type  SITs,  bipolar  mode  SITs 
and/or  SIT  designs  with  no  relevance  to  the  results 
shov  that  #B  a^.  the  central  plane  of  the  channel 

should  be  greater  than  650  mV  if  is  to  be  kept 


-2  2 

funder  10  A/cm  .  In  order  to  provide  some  design 
''guidelines  for  the  proposed  protection  element  an 


analytical  expression  which,  for  V  -  .  0,  gives  the 


vertical  potential  distribution  *(z)  along  the 


central  plane  of  the  channel  as  a  function  of  V,.p  and 


structural  parameters  can  be  deduced  [15].  It  is 
given  by 


16  •  sinh  [n(2n-l)(L/V)(l-Z  ] 

♦(*„> - V  I  - 2 - 

2  au  m  .  1  (2m-l)(2n-l)sinh[ n(2n-l)(L/V) ] 

ll 


lt(2m-l)  n(2n-l) 

x  sin  [ -  ]  .sin  [- - ] 

2  2 


32 

+  7  V 


sinh  [- 


n  B  m  .  1  (2m-l)(2n-l)sinh[n(2n-l)(V/l)] 
n  ■  1 


x  sin  [ 


n(2m-l) 

2 


.sin  |n(2n-l)  ZnJ 


64  qN^  -  sin  [iillLJJ )  .sin 

"5  6  ?  ’  ]  1~~< 2m- 1 ) 2  (2  n-1)2  i 


n  e  m  -  1  FT, 
n-1 


sin[ lt(2n-l )  Z^\ 


[(21-1). (2m-l).2n-l)] 


*  *J» 


where  Zn  -  z/L  with  z  »  0  and  z  ■  L  representing  the 
positions  of  the  drain  and  source  ends  of  the 
channel,  respectively.  Purther,  V  denotes  the  n* 


V  denotes  the  n 
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gate  to  p  source  built-in  potential.  The  constants  q 
and  e  have  their  usual  meaning.  This  expression 
(eqn.  3)  is  based  on  the  assumptions  that  the 
densities  of  the  carriers  within  the  channel  are 
negligible  compared  to  and  that  the  length  of  the 

gate  fingers  is  much  larger  than  both  V  and  L. 


The  effects  of  N^,  V  and  L  on  the  source  to  channel 


barrier  height  4B  are  summarized  in  Table  1.  For 
each  set  of  design  parameters,  is  computed  for 


VSD‘  0V  <So)  and  VSD  "  5V  (  *B5)-  Vg  is  taken  as 


1.1  V.  These  simulations  show  that  for  Vgp  changing 


between  0  and  5V,  channel  doping  density  being  less 
15  3 

than  10  /cm  and  channel  aspect  ratio  L/V  of  about  2 
result  in  the  desired  range  of  the  potential  barrier, 


that  is,  +g>650  mV.  Although  it  is  possible  to 


improve  the  barrier  height  and  thus  reduce  the 
leakage  current  by  increasing  L/V  beyond  2,  such 
aspect  ratios  would  cause  the  deviations  in  the 
triode  like  properties  of  the  SIT. 


Channel 

Dimension 


Channel' 

Doping 


Nch  ‘  lol5/cm3 


8  pm 

5  pm 

V  *  1  pm 

L  «  2  pm 

j 

912  mV 

♦bo  *  931  "v  | 

723  mV 

♦B3  -  774  mV  | 

870  mV 

1 

♦bo  *  863  nV  j 

682  mV 

♦B5  *  709  mV  i 

817  mV 

♦bo  *  779  "v 

632  mV 

♦B5  .  629  mV 
- - 

Table  1  Potential  Barrier  Belghts  (4^v  V_Q  5): 
Design  Values 


B.  Positive  Polarity  BSD  Handling 


At  the  event  of  a  positive  polarity  ESD 
occurring,  the  pad  voltage  should  be  rapidly  clamped 
to  some  tens  of  volts  so  as  to  avoid  damage  to  the 
IC.  For  instance,  since  the  dielectric  strength  of 
silicon  dioxide  is  about  10KV/cmt  ihe  pad  voltagg 
should  not  exceed  vSDmax  *  30V  in  the  case  of  a  300  A 

internal  gate  oxide  technology.  At  such  pad  (or  SIT 
source)  voltages,  the  channel  potential  barrier 
vanishes  and  a  very  high  level  current-injection 
takes  place,  and  as  the  density  of  majority  carriers 
injected  into  the  channel  exceeds  the  channel  doping 
density,  SIT  operates  in  the  space-charge  limited 
current  flow  mode.  Assuming"  that  the  majority 
carriers  (holes)  move  at  their  limiting  velocity 


(=  10  cm/s  in  Si),  Jp  and  p  are  related  through: 


The  injected-hole  Induced  space  charge  generates 
a  vertically  oriented  electric  field  vithin  the 
channel  and  the  portion  of  the  epi  layer  vhich  is 

.between  the  channel  and  the  p4  substrate  (drain). 
yQrhis  electric  field  Increases  linearly  from  the  p4 
source  to  the  p4  substrate  vith  a  slope  given  by: 


dz  “  T  <P-Nch> 


Combining 


equations 


integrating  c(z)  froa  the  p  source  to  the  p 
substrate  vith  the  assumption  that  the  field  at  the 
source-channel  high-lov  Junction  is  such  lover  than 
elsewhere  in  the  space-charge  region,  yields: 


^  ft*  •  O 


where  t  is  the  total  source  to  substrate  distance 
vhich  includes  the  channel  length  L.  For  Vc_  • 


30  V,  N 


14  3 

10  /cm  and  t  »  3pn,  eqn.  (6) 


predicts  a  Jp  of  approximately  7500  A/cn  vhich 

corresponds  to  an  ESD  current  of  0.75A,  if  the 

-4  2 

effective  channel  area  is  set  as  10  cm  . 

There  are  a  number  of  important  points  which  are 
pertinent  to  the  above  design/calculations: 

1)  The  maximum  field  E^  in  the  SIT  region  occurs  at 

the  p  epi  -  p4  substrate  junction.  This  peak 

fe  field  value  should  not  approach  the  dielectric 

|  strength  of  silicon  (300,000  v/cm  approximately) 

at  which  point  current-mode  second-breakdown  may 
occur  as  a  result  of  a  double-injection 

Jr 

mechanism.  can  be  obtained  by  (j^  .  t)  which 

2V 

SD 

is  equal  to  — —  and  is  about  200,000  v/cm  in 


the  previous  example. 

2)  Some  spreading  of  the  hole  current  is  expected 
between  the  channel  and  the  p4  substrate. 

3)  The  avalanche  breakdown  voltage  of  the  parallel 

n  gate  -  p  epi  -  p4  substrate  pin  diode  should 
be  above  the  maximum  expected  pad  voltage 
VSDmax‘  The  thickness  (t-L)  of  the  base  of  this 
pin  diode  should  be  designed  larger  than 
VSD  max^  *  10^  v/cm)  t0  prevent  its  breakdown. 

In  the  design  example  discussed,  this  condition 
can  be  satisfied  by  setting  L  «  1.5  urn  which 
makes  (t-L)  *  1.5  pm. 

Thus  the  results  of  this  first  order  analysis 
suggest  the  current  handling  capability  of  SIT  is 
appropriate  for  its  use  as  an  ESD  protection  device. 
It  can  certainly  be  improved  by  undertaking  a  more 
systematic  device  design,  implementation,  testing  and 
optimization  approach.  It  is  also  possible  to 
implement  the  SIT  in  the  proximity  of  the  pad  with  a 
CT-^urrent  limiting  resistor  as  shown  in  Fig.  lb. 

XV 

VS-  negative  Polarity  ESD  Bandling 

The  negative  polarity  electrostatic  zaps  are 
handled  by  the  pin  diode  path.  In  the  case  of  a 


surface  grid  SIT,  the  metal  to  n4  cathode  contact  is 
distributed  over  the  entire  pad  area  and  is  in  close 

proximity  to  the  n4p  junction  at  any  device  cross 
section.  Consequently,  no  significant  current 
crowding  and  intense  local  power  dissipation  should 
take  place.  However,  if  the  structure  is  a  buried 
grid  SIT,  the  lateral  flow  of  the  ESD  current  along 

the  narrow  n4  fingers  could  cause  some  local 

debiasing  of  the  n4p  junction.  Such  nonuniformities 
in  the  current  flow  can  be  minimized  by  designing 
multiple  contact  regions  between  the  pad  metal  and 
the  buried  grid. 

TV  Conclusions 

!•  The  present  work  suggests  the  feasibility  of 
using  SIT  as  an  on-chip  ESD  protection  device. 

2.  The  merits  of  such  SIT  based  protection  circuits 
are: 

a)  It  eliminates  pn-junction(s)  as  against  the 
conventional  static  bypass  strategies. 

b)  It  allows  the  massive  ESD  current  to  sink 
vertically  to  the  substrate. 

c)  It  is  a  majority  carrier  device  with  fast 
response  time  and  good  thermal  stability. 

Acknowledgement — This  research  work  is  supported  by  a 
grant  by  the  Office  of  Naval  Research  (No.  613-005) 
which  is  gratefully  acknowledged. 


References 

1.  NM0S  Protection  Circuitry,  R.N.  Rountree  and 
C.L.  Hutchins,  IEEE  Transactions,  Vol.  ED-32, 
No.  5,  910-917,  1985. 

2.  Design  and  Test  Results  for  a  Robust  CMOS  VLSI 
Input  Protection  Network,  D.E.  Nelson,  et  al, 
E0S/ESD  Symp.  Proc.,  Vol.  E0S-8,  188-192,  1986. 

3.  Thick  Oxide  Device  ESD  Performance  under  Process 
Variations,  R. A.  HcPhee,  et  al,  E0S/ESD  Symp. 
Proc.,  Vol.  EOS-8,  173-181,  1986. 

4.  Transmission  Line  Pulsing  Techniques  for  Circuit 
Modeling  of  ESD  Phenomena,  T.J.  Maloney  and  N. 
Khurana,  E0S/ESD  Symp.  Proc.,  Vol.  E0S-7,  49-54, 
1985. 

5.  A  Design  Methodology  for  ESD  Protection 
Networks,  A.R.  Pelella  and  H.  Domingos,  E0S/ESD 
Symp.  Proc.,  Vol.  E0S-7,  24-40,  1985. 

6.  Field-Effect  Transistor  Versus  Analog  Transistor 
(Static  Induction  Transistor),  J-I  Nischizawa, 
et  al,  IEEE  Transactions,  Vol.  ED-22,  No.  4, 
185-197,  1975. 

7.  A  100  V  Static  Induction  Transistor  Operating  at 
1  GHz,  Y.  Kajivara,  et  al,  Proc.  11th  Conf. 
Solid  State  Devices,  1979. 

8.  1  GHz  20  V  SIT,  Y.  Yukimoto,  et  al,  Japan.  J. 
Appl .  Phys.,  Vol.  17,  p.  241,  1978. 

9.  2  GHz,  High  Power  Silicon  SITs,  T.  Shino,  et  al, 
Japan.  J.  Appl.  Phys.,  Vol.  19,  p.  283,  1980. 

10.  Static  Induction  Transistors  Optimized  for  High- 
Voltage  Operation  and  High  Microwave  Power 
Output,  I.  Bcncuya,  et  al,  IEEE  Transactions, 
Vol.  ED-32,  No.  7,  1321-1327,  1985. 

11.  High-Voltage  Junction-Gate  FET  vith  Recessed 
Gates,  B.J.  Baliga,  IEEE  Transactions,  Vol.  ED 
29,  p.  1560,  1980. 


I 


!§j^- 


Punching  Through  Device  and  Its  Integration- 
Static  Induction  Transistor,  T.  Ohmi,  IEEE 
Transactions,  Vol.  ED-27,  Ho.  3,  536-545,  1980. 


14.  Optiaua  Design  of  Triode-Like  JFETs  by  Tvo- 
Diaensional  Coaputer  Siaulation,  K.  Yaaaguchi 
and  B.  Kodera,  IEEE  Transactions,  Vol.  ED-24, 
No.  8,  1061-1069,  1977. 


Entirely  Diffused  Vertical  Channel  JPET:  Theory 
and  Experiaent,  J.L.  Horenza  and  E.  Esteve, 
Solid  State  Electronics,  Vol.  21,  739-746,  1978. 


15.  Analysis  of  Static  Characteristics  of  a  Bipolar- 
Mode  SIT  (BSIT),  J-I  Nischizava,  et  al,  IEEE 
Transactions,  Vol.  ED-29,  No.  8,  1233-1244, 

1982. 


S 


iSl 

$ 

s 


B 


B 


>VP*. 


SwSR 


